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Stress in the brain 
Life is manifested by single or recurring stressful episodes that can be a major threat 
to one’s physical or emotional integrity. Events like, for instance, the loss of a spouse 
or disease might set in motion a sequel of fear, helplessness and emotional distress that 
can even develop into stress-related disorders (Kessler, 1997). To adequately cope 
with major stressful events, adjustments in physiology or behavioral strategies are of 
utmost importance and predominantly accompanied by activation of the stress 
response.  
Stress responses start off in the brain and comprise the activation of a wide array of 
neuroendocrine and neurotransmitter systems providing the necessary supplementary 
energy resources and adjustments of neural circuits (reviewed by Fuchs and Flügge, 
2002; McEwen, 2002). Well characterized is the corticotropin-releasing factor in the 
hypothalamus that stimulates synthesis and release of the adrenocorticotropin hormone 
(ACTH) from the pituitary into the blood circulation (Cannon, 1914; Selye, 1936). 
ACTH activates the adrenal glands where subsequently a variety of hormones are 
released in the blood to mediate essential aspects of the stress response. For instance, 
the glucocorticoid hormones (corticosterone in rodents, cortisol in man), derived from 
the cortex of the adrenal glands, convert proteins and lipids into carbohydrates, which 
can be directly used as energy resources (Sapolsky et al., 2000). Stress also activates 
the autonomic nervous system leading to an enhanced release of the two 
catecholamines, epinephrine and norepinephrine, providing the regulation of blood 
pressure, heart rate and cardiovascular tone. Collectively, the stress response activates 
coordinated actions that supports restoration and serves primarily as a defense 
mechanism, or with other words maintain ‘stability through change’ in parameters 
recently introduced as allostatis (reviewed by Koob and LeMoal, 2001; McEwen and 
Wingfield, 2003).  
 
A dual role of the hippocampus within stress responses 
Another central function of the stress response is making us reluctant to remember. 
The factual details and context of a stressful episode provide essential information for 
coping strategies. Indeed, it is also well documented that strong emotional events are 
more intensively remembered than non-emotional (McGaugh, 2000; Schelling, 2002). 
The neurobiological basis for the stress modulation of learning has been recognized to 
depend on the modification of the cellular activity in the amygdala and hippocampal 
formation (McGaugh, 2000; Kim and Diamond, 2002; Roozendaal, 2002). Both the 
semantic (learning and remembering of facts) and episodic memories (events specific 
to time and place) are rapidly but also time-limited stored in the hippocampal 
formation (Squire and Zola, 1996; see Fig. 1). The hippocampal formation of animals 
is recognized to be crucial for processing of spatial information supporting navigation 
behaviors or cache retrieval of food (Suzuki and Clayton, 2000).  
Experiences of stress, or the elevation of adrenal hormones, modulate in a complex 
pattern both learning and memory that require the adjustments of hippocampal 
physiology. For example, traumatic events disrupt the recall of facts with little 
emotional content and can have adverse effects on the ability to learn novel factual 
information (Luine et al., 1994; Roozendaal et al. 2001; Kim an Diamond, 2002). On 
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the other hand, stressful life events facilitate hippocampal-dependent memories with 
an emotional content like fear (Buchanan and Lovallo, 2001; Roozendaal, 2002; 
Schelling, 2002).  
The hippocampus is also the most prominent target in the brain for glucocorticoid 
hormones (McEwen et al., 1968). In the rat, corticosterone is highly taken up and 
retained within the hippocampal region where the nuclei of granule cells and 
pyramidal neurons in the CA1-CA3 field of the hippocampus contain binding sites for 
the high-affinity mineralocorticoid receptors (MR) and low-affinity glucocorticoid 
receptors (GR) (de Kloet et al., 1998). Through these two types of receptors the 
glucocorticoid levels are translated into specific cellular actions (reviewed by Joëls, 
1997; de Kloet et al., 1998). Furthermore, the hippocampal formation also actively 
processes signals for the corticosteroid feedback inhibition (Jacobson and Sapolsky, 
1991; Roozendaal et al., 2001) to maintain homeostasis of circulating corticosterone 
levels in a range between ~10 - 100 ng/mL.  
 
Fig. 1. Cross-sectional representation of the 
rat hippocampus. Note the large volume 
occupied by the hippocampus with respect to 
the total brain. The inset shows a transverse 
hippocampal slice. Throughout this thesis, 
hippocampal slices were produced in this 
way to assure maintenance of the intrinsic 









Single CA3 neurons 
The content and organization of hippocampal activity depend on its place- and time-
sensitive neurons that in large ensembles ‘wire and map’ a cognitive representation of 
spatial and factual information of the world (Rolls, 1996; Eichenbaum et al., 1999). As 
theoretically predicted (Rolls, 1996; Lisman, 1999) and recently elegantly proven 
(Nakazawa, 2002; 2003) the neural substrates for associative memory functions, rapid 
formation of memory of a single experience, or the retrieval of complete memory 
traces are essentially regulated by the CA3-CA3 pyramidal connections of the 
hippocampal formation.  
Considering these significant roles of CA3 cells, it is astonishing that when stressful  
experiences are repeated the neuron dendritic branches of the CA3 pyramidal cells are 
retracting (Watanabe et al., 1992). These morphological changes, which are a central 
theme of this thesis, are frequently understood as signs of stress pathology, i.e. 
allostatic load (McEwen, 1999, 2001). However, the scientific evidence for such an 
interpretation is far from clear. It is hard to decide: is the retraction of CA3 dendrites 
reflecting an adaptive change or to be considered as an early sign of pathology? 
Therefore, in this thesis, to gain more insight in the process we will relate stress-
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induced structural adjustments to functional changes at the level of the individual CA3 
pyramidal neuron using electrophysiology. The following paragraphs provide some 
anatomical information of the hippocampal CA3 subfield. 
 
Topographical organization and afferent connections 
There are ~2.4 - 3.0 × 105 CA3 pyramidal neurons (Fig. 2) in the hippocampal 
formation of rats and tree shrews (Amaral, 1990; Vollmann-Honsdorf, 2001). CA3 
neurons are the largest cells within the hippocampus (16 mm of dendritic length in 






Fig. 2. Reconstructed CA3 pyramidal neuron from the work presented in Chapter 3. The axon fibers from the 
commissural, mossy fiber, fimbria and perforant paths are drawn for clarification. Initial trajectory of the 
reconstructed axons are indicated with an asterisk (*). These depart from the axon hillock at the basal side from 




The neurons are strategically positioned to relay information from the dentate gyrus 
(DG) and entorhinal cortex towards the CA1 region, via their well-known Schaffer-
collaterals targeting the basal and/or apical dendrites of the CA1 pyramidal neurons 
(Ramón y Cajal, 1893; Lorente de Nó, 1934; Amaral et al., 1990; Ishizuka 1990, 1995; 
reviewed in Amaral and de Witter, 1995, Fig. 1). However, the major afferents of CA3 
pyramidal cells are organized by densely packed collaterals projecting intrinsically to 
closely located CA3 cells, called ‘recurrent’ or ‘commissural-associational’ (C/A) 
fibers. Afferent projections are furthermore highly diverse and distributed as a function 
of their transverse location within the septotemporal axis as well as the dentate gyrus 
(DG) to CA1 axis (Ishizuka et al., 1990; Li et al., 1994; Amaral and de Witter, 1995).  
Hippocampal dendrites cover 90% of the receptive field of the cell and are divided in 
two oppositely oriented cones (Fig. 2). The basal arborization is oriented towards the 
stratum oriens (0.5 mm long), and the larger apical cone extends far into the 
lacunosum-moleculare area (up to 1.2 mm). Dendrites are endowed with smaller 
structural specializations of ~2 µm in size called ‘spines’ (~18.000 in number, Ramón 
y Cajal, 1893; Amaral et al., 1990; Amaral and de Witter, 1995) on which input 
synapses and ligand-gated excitatory or inhibitory channels are located. As a general 
rule for pyramidal cells the axo-dendritic synapses from varying sources are not mixed 
but rather grouped along the dendro-somatic axis (see Fig. 2). At the distal tips of the 
CA3 apical dendrites, perforant path fibers arriving from the enthorhinal cortex end 
(~7.500 per cell, Amaral et al., 1990). Nearly the entire apical tree, but most densely 
the middle part, receives input from commissural and associational (C/A) fibers 
(~10.000, Amaral et al., 1990; Ishizuka et al., 1990) sharing pharmacological similarity 
with the Schaffer-collateral CA1 synapses (Debanne et al., 1998). The intrinsic 
recurrent excitatory connections provide further the origin for hippocampal sharp-
spike-waves (Buzsáki, 1986) and are engaged in highly synchronized firing (Bains et 
al., 1999) which is an essential physiological basis to store spatial recognition memory 
(Lisman, 1999). The proximal part of the apical dendrites, close to the soma, receives 
input from the DG afferents (‘mossy’ fibers), which connect via structurally 
specialized synapses (‘thorny’ excrescences). At the basal dendrites axo-dendritic 
connections are formed by C/A fibers, and afferents from the septum (Lorente de Nó, 
1934, Amaral and Witter, 1995). 
Finally, a laminar distribution of axonal innervations is also used by the interneuron 
projections. The parvalbumin-containing interneurons, for instance, make contacts at 
proximally located dendrite branches, but somatostatin-containing interneurons 
selectively synapses at the most distal segments (Freund and Buzsáki, 1996). The 
monoamine innervation is generally more diffuse, although also here for example, the 
noradrenergic fibers from the locus coeruleus can be found mostly at the distal tips and 
stratum lucidum (Amaral and Witter, 1995).  
 
Physiology of CA3 pyramidal neurons 
Neuronal functions, the processing and storage of information, can in essence be 
summarized as the generation of meaningful signals in the form of action potentials 
(APs) and adjustment of synaptic input. The costs of generating APs require 47% of 
all energy related to signaling processes in the brain (Attwell and Laughlin, 2001). 
APs are generated in the axon hillock (Colbert and Johnston, 1996) from where they 
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spread through the axonal network and also back into the dendrites (Stuart et al., 1993, 
Johnston et al., 1996). While the CA3 pyramidal cell during rest is more 
hyperpolarized than the AP threshold (Spruston and Johnston, 1992) firing will only 
be reached when sufficient synaptic potentials are summated to open voltage gated 
Na+ and Ca2+ channels and the balance of excitatory synaptic input dominates over the 
inhibitory sufficiently to generate APs.  
To generate membrane potentials the CA3 neuron membrane is furthermore 
endowed with voltage-dependent ionic channels (Llinás, 1988) including K+ and in 
particular high densities of Na+ and T-type Ca2+ channels (Bilkey and Schwartzkroin, 
1990; Buckmaster et al., 1993; Avery and Johnston, 1996; Migliore and Shepherd, 
2002; see Chapter 1). The high Na+ and Ca2+ channel densities, together with the large 
apical dendritic trunk, acting as a current source, reduces markedly the threshold to 
fire in burst responses, a classical hallmark of CA3 pyramids (Wong and Prince, 
1978). Whereas at rest the firing frequency of CA3 pyramids in vivo is on average 2.5 
Hz, during bursts this might reach even 250 Hz (Ranck, 1973), a rate of discharge 
known to open N-methyl-D-aspartate (NMDA) channels and produce reliable synaptic 
transmission and long-term potentiation (LTP) (Staley et al., 2000; Chapter 4).  
The main source for excitatory current is produced by ionotropic glutamate-gated 
NMDA and α-amino-3-hydroxy-5-methyl-4-isoxazole propionate (AMPA) receptors 
located predominantly at synapses of the dendritic spines. The metabolic activity for 
the postsynaptic actions of excitatory synapses is the second largest energy 
expenditure in signaling (34%, Attwell and Laughlin, 2001) suggesting large 
contribution to information storage. The adjustments of relative excitatory input at the 
various input regions of the neuron are currently believed to be the key operations how 
information is stored into neural patterns (Hebb, 1949; Martin et al., 2000). The 
relative strength of the excitatory units can be dynamically altered via activity-
dependent plasticity mechanisms like long-term potentiation (LTP) and long-term 
depression (LTD). Therefore, the properties of APs, the ionotropic glutamate receptors 
and propagation of the ten thousands of inputs distributed along the dendritic tree, will 
thus be the major determinant how information is transferred and stored within cortical 
circuits (Spruston et al., 1999). Here, the non-uniformly distributed ionic channels add 
further top the complexity of dendritic membrane (Stuart et al., 1993; for reviews see 
Johnston et al., 1996 and Migliore and Shepherd, 2002). 
Although the mossy fibers are unique in many morphological and pharmacological 
aspects and produce the strongest mean unitary excitatory postsynaptic current (EPSC) 
amplitudes (~70 pA) at the CA3 cell, they are unlikely to be the major dominator of 
excitation (Amaral et al., 1990; Urban et al., 2001). Approximately 46 granule cells, 
comprising 0.0046% of the granule cell population, will innervate a single CA3 
pyramidal cell which is to be compared with the approximately 6000 CA3 cells, 2.0% 
of the population, that target a single CA3 pyramidal neuron. As reviewed by Urban et 
al. (2001) even when synaptic strength is scaled to their quantal release (7 pA for C/A 
synapses), the relative contribution of the C/A collaterals is still 200-fold larger  
compared to the mossy-fiber system. A large role thus exists for the C/A collaterals in 





Stress impacts on the CA3 pyramidal neuron architecture 
In view of the above described tasks of the dendritic membrane beyond receiving 
input, the slow-developing dendritic modifications after chronic stress raise questions 
about its functional consequences. Previous studies on CA3 remodeling departed from 
the common null-hypothesis that a reduction of dendrite length results in a loss of 
possible synaptic connections. However, the modifications in structure might induce 
complex changes that also influence active voltage propagation, its spatial and 
temporal summation along soma-dendritic axis (for reviews see Spruston et al., 1999).  
For instance: whereas a reduction in dendritic length will indeed decrease the 
number of synaptic connections of a given neuron, which proportionally lowers the 
number of possible information units (Stephanyants et al., 2002) there is also empirical 
evidence that pruning of even a few dendrites leads to facilitated backpropagation of 
APs (bAP) or increased coupling between dendritic and somatic regions (Golding et 
al., 2001; Schaefer et al., 2003). This suggests that changes of structure might also 
produce alterations in physiological characteristics of the cell. This view is also 
supported by computer modeling studies predicting that the output, i.e. the somato-
axonal firing properties of a given pyramidal cell, is influenced by the variability of its 
dendritic arborization (Mainen and Sejnowski, 1996; Krichmar et al., 2002). Here, the 
bursting threshold and transition depolarization are predicted to be lower at the soma 
of CA3 cells with small apical arborization but the final firing rate within a burst will 
be lower (Krichmar et al., 2002). Hence, it is not clear whether the remodeled CA3 
pyramidal cells are during stress more or less excitable. 
Such information is essential. Some hypotheses concerning branch retraction 
postulate that the dendritic retraction provide a counteracting strategy to limit 
glutamate transmitter bombardment from hyperexcitable mossy fibers or C/A 
collaterals under stress. The retraction is thus thought to buffer the increased load of 
glutamate transmission after stress (Moghaddam et al., 1994; McEwen et al., 2002). 
However, there is little evidence provided for such a role. A further point of 
uncertainty is whether the stress-associated corticosteroids might have additional 
effects. For example, modulation of Ca2+ current amplitudes, AP properties or 
afterhyperpolarizations (Joëls, 1997) might exert effects that either diminish or are 
superimposed on the geometry-dependent effects of stress. Also this remains to be 
established. 
 
Summary of the objectives  
Taken together, analysis of the variability in size and complexity of dendrites, as 
being solely substrate for synaptic input is not providing a complete scrutiny of stress-
induced changes in the CA3 region. In the following experiments we aimed to 
complete the paucity in physiological information about the remodeling response of 
CA3 pyramidal neurons. To achieve a more coherent view on CA3 pyramidal cell 
function after stress we pursued several objectives. In brief: 
 
o To quantify the large-scale dendritic modifications using high resolution 
intracellular labeling (Chapters 2 and 3).  
Introduction 
 14 
o To determine the stress-induced changes in the intrinsic, active (single and 
APs burst) and passive (input resistance and time-constant) membrane 
properties of CA3 pyramidal neurons.  
o Determining whether corticosteroids might contribute to activity patterns.  
o Characterizing the effects of stress upon kinetics, input-output characteristics 
and activity-dependent plasticity of the excitatory synapses.  
o To evaluate whether the variability in geometry has (in) direct consequences 
for the obtained physiological parameters.  
o To study the long-lasting effects of a brief stressor (Chapters 3 and 4).  
 
More specifically: we firstly established the acute and direct effects of corticosterone 
on the properties of CA3 cells alone. In Chapter 1 it is described how diurnal and 
endogenously varying levels of glucocorticoid hormone affect excitability, with 
emphasis to the regulation of the ionic Ca2+ currents. We tested to which extent the 
changes in daytime; putatively associated with changes in circulating corticosterone 
levels, influence firing patterns of the cell. In Chapter 2 the hypothesis is tested that a 
restructured CA3 dendritic tree will affect the resting and active membrane properties. 
Computational simulation studies would predict such a relationship (Krichmar et al., 
2002, Golding et al., 2001).  
Previous studies visualized dendrites with the Golgi-silver impregnation technique in 
thin slices that has a number of limitations (for discussion see Pyapali et al., 1998). To 
overcome these limitations we aimed to visualize dendritic branches employing 
intracellular labeling (Horikawa and Armstrong, 1988). We induced changes in 
dendrites by applying a naturalistic chronic psychosocial stress paradigm in tree 
shrews (Fuchs and Flügge, 2002). Properties of the post-hoc reconstructed cells were 
assessed in current-clamp configuration. Based on the findings on morphological 
properties, a working hypothesis was used that the dendritic remodeling is input-
specifically affected, rather than being a general retraction of all apical branches. The 
subsequent studies were focused on the recurrent commissural-associational (C/A) 
synapse (Chapters 3-5). 
The studies presented in Chapter 3 analyzed rise- and decay-time kinetics of C/A 
EPSPs (Spruston et al., 1999). To induce apical dendrite retraction we exposed 
animals to a social defeat paradigm, which provides an experimentally controlled 
physiological and behavioral relevant stressful state. (Koolhaas et al., 1997). Based on 
existing models (Henze et al., 1996; Golding et al., 2001) it was hypothesized that a 
reduction of dendritic elements between synapse and soma would affect aspects of 
voltage-propagation. Also the activity-dependent long-term potentiation (LTP) of the 
excitatory synapses was measured.  
In Chapter 3 we also tested whether repetition of stress has more effect on dendritic 
remodeling than a brief stress. In the literature the necessity for repeating stressful 
challenges to allow dendritic plasticity seems to be common-sense (McEwen, 2001). 
On the other hand, some reports demonstrate lasting and dynamic changes of central 
nervous system and behavioral adjustments following only a single stressful episode 
(Koolhaas et al., 1997). Whether CA3 dendritic remodeling might occur as well after 
brief defeat was tested by comparing the effects of a brief defeat with effects on 
morphology of pyramidal neurons from animals subjected to repeated defeat. By this, 
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we aimed to understand whether the experience is essential, or whether the elapsed 
time can contribute to structural plasticity.  
Chapters 4 and 5 address the molecular and receptor-mediated processes putatively 
involved in dendritic remodeling. Chapter 4 contains an investigation of the 
cellular/intracellular constituents that regulate recurrent synapse activity and plasticity 
(LTP/LTD). It was tested whether Ca2+-calmodulin-dependent pathways, critically 
involved in setting the window of structural and Hebbian synaptic plasticity (Cline, 
1999, Lisman et al., 2002) are desensitized at these synapses.  
In Chapter 5 we took advantage of the knowledge that treatment with the 
antidepressant tianeptine (Stablon®) produces a protective effect against stress-
induced dendritic remodeling in models with chronic immobilization stress (Conrad et 
al., 1999). It was tested if tianeptine treatment has effect on excitatory transmission at 
the recurrent C/A synapses (EPSCs) with emphasis to the N-methyl-D-aspartate 
(NMDA) receptor. Both chronic in vivo or acute in vitro application were applied. The 
chronic in vivo treatment was conducted in combination with a chronic restraint stress 
paradigm to establish CA3 dendritic remodeling and prevent it, respectively. In this 
way, we could unravel whether aspects of glutamatergic transmission are involved in 
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This study tested the time-of-day dependence of the intrinsic postsynaptic properties 
of hippocampal CA3 pyramidal neurons. High-voltage-activated Ca2+ currents and the 
Ca2+- and voltage-dependent afterhyperpolarizations were examined in slices of rat 
brains obtained at four distinct time periods. Just after onset of the dark phase, the 
steady-state amplitude of the Ca2+ current (-1.24 ± 0.11 nA) was significantly greater 
(P < 0.03) than that of the light phase (-0.84 ± 0.06 nA). Over the entire time range, the 
amplitude of the Ca2+ current correlated with plasma corticosterone levels in a U-
shaped function. Furthermore, depolarization-induced excitability during the dark 
phase exhibited an increased spike afterdepolarization (3.1 ± 0.1 mV) and a slower 
adaptation of the firing frequency (146 ± 18%). These findings point to a dynamic 
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Introduction 
Within the brain, various central processes such as extracellular transmitter 
concentrations or receptor expression are generated as diurnal functions (Brunel and de 
Montigny, 1987; Schaaf et al., 2000). Some of these fluctuations occur independently 
of light cues, the most important ‘zeitgeber’ (Brunel and de Montigny, 1987). Diurnal 
rhythms have also been reported for the strength of synaptic connections within the 
dentate gyrus and the induction of long-term potentiation (LTP) in the CA1 region of 
the hippocampal formation (Barnes and McNaughton, 1977; Dana and Martinez, 1984; 
Raghavan et al., 1999), which even persist in in vitro preparations (Raghavan et al., 
1999).  
We hypothesized that the daytime-dependent modulation of hippocampal 
neurotransmission may depend on changes in the influx of Ca2+, which is an important 
element of hippocampal synaptic plasticity, of postsynaptic excitability, and of 
neurotransmitter release (Tao et al., 1998; Magee and Carruth, 1999; Tanabe et al., 
1999; Kang and Schuman, 2000). This hypothesis was examined by measuring high-
voltage-activated (HVA) Ca2+ currents of CA3 pyramidal neurons in hippocampal 
slices from rat brains, isolated at several distinct phases of the light-dark (LD) cycle. In 
addition, postsynaptic excitability for resting properties and the (partially) Ca2+-
dependent afterhyperpolarizations (AHPs) were examined. Since the adrenocortical 
hormone corticosterone is released diurnally and interacts with central nervous 
structures such as the hippocampus (de Kloet et al., 1998), we investigated the 
corticosterone-induced modulation of CA3 neuronal excitability. 
 
Materials and Methods 
Adult male Wistar rats (Winkelmann, Borchen, Germany) were group-housed, with 
food and water ad libitum. The LD cycle was set at 12L:12D with lights on at 6 a.m., 
referred to as circadian time zero (CT 0). At four distinct time-points, CT 4 and CT 8 
(lights on), CT 13 and CT 23 (lights off), rats were decapitated, their brains rapidly 
removed, and transverse hippocampal slices (400 µm) cut in ice-cold oxygenated (95% 
O2/5% CO2) artificial cerebrospinal fluid (ACSF, in mM: 125 NaCl, 2.5 KCl, 1.25 
Na2HPO4, 4 MgSO4, 26 NaHCO3, 1.3 CaCl2, 1 L (+)-ascorbic acid, 14 D(+)-glucose, 
all from Merck, Darmstadt, Germany). Trunk blood was collected in EDTA tubes, and 
centrifuged, and plasma samples were analyzed for free corticosterone using a 
scintillation proximity radioimmunoassay (Amersham Pharmacia Biotech). All animal 
experiments were conducted in accordance with the European Communities Council 
Directive of 24 November 1986 (86/609/EC).  
Hippocampal slices were transferred to a recording chamber perfused with warmed 
oxygenated ACSF (32°C), and neurons were visually selected for patch-clamp 
recording. Borosilicate pipettes with a final resistance of 2–4 MΩ were connected to an 
Axopatch 200B amplifier (Axon Instruments, Foster City, CA, USA), and data were 
collected with PULSE software (HEKA, Lambrecht, Germany). Current-clamp was 
performed with an intracellular pipette solution consisting of (in mmol/L): 120 
KMeSO4 (ICN, Eschwege, Germany), 2 MgCl2, 20 KCl, 4 NaCl, 10 HEPES, 0.1 
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EGTA, 3 Na-ATP, 14 phosphocreatine, and 0.3 Na-GTP. The extracellular solution 
contained ACSF with 2.5 mM CaCl2, 3.5 mM KCl, 20 µM 6-cyano-7-
nitroquinoxaline-2,3(1H,4H)-dione (CNQX), and 10 µM bicuculline (Tocris, Bristol, 
UK). Isolation of Ca2+ currents was performed with an intracellular solution composed 
of (in mmol/L): 115 CsMeSO4, 3 MgCl2, 10 EGTA, 10 HEPES, 20 TEA-Cl, 4 Na-
ATP, 0.3 Na-GTP, 14 phosphocreatine, and 50 units/mL creatine-phosphokinase (all 
from Sigma Aldrich). The pH was adjusted to 7.2 with CsOH (Fluka, Buchs, 
Germany) and the osmolarity set to 290 mOsm. The extracellular medium contained 
(in mmol/L): 95 NaCl, 2.5 KCl, 2 MgCl2, 26 NaHCO3, 1.5 CaCl2, 1 L(+)-ascorbic 
acid, 14 D(+)-glucose, 20 TEA-Cl, 5 4-aminopyridine (Sigma Aldrich), 5 CsCl, and 
0.005 Tetrodotoxin citrate (Tocris). In voltage-clamp mode, series resistance values 
amounted to 7 MΩ, maximally 40% compensated. While Ca2+ currents peaked with ~3 
nA and late currents were 1.5 nA, the uncompensated steady-state voltage-control was 
determined at 13 mV for peak currents and ~6 mV for late currents. A P/8 leak 
protocol compensated the leak currents and the remaining slow capacitance transients.  
 
Results 
A total of 44 CA3 pyramidal neurons were included for analysis of Ca2+ currents. 
Neurons were kept at a -50 mV holding potential which predominantly inactivates low-
voltage-activated (LVA) Ca2+ currents (Avery and Johnston, 1996), and therefore 
isolates HVA Ca2+ currents (Fig. 1A). This was tested further by the application of the 
non-selective HVA Ca2+ -blocker, Cd2+ (Avery and Johnston, 1996). Twenty µM Cd2+ 
blocked 45 ± 5% (n = 2) of the late current, and 100 µM Cd2+ blocked 87 ± 8% (n = 5) 
of the late current, indicating that a large fraction is carried by HVA currents. 
Comparison of the amplitudes of the I-V relation of late Ca2+ currents revealed 
circadian time as a predominant effect for step potentials of -30, -25, -20, -10 mV and 
0 mV (P < 0.05 for all). Amplitudes were subsequently averaged between -30 mV and 
-10 mV, and plotted against CT (Fig. 1B). One hour after lights off (CT 13), Ca2+ 
currents were larger than during the lights-on phases CT 4 (-1.24 ± 0.11 nA vs. -0.82 ± 
0.13 nA, Tukey HSD post-hoc P < 0.025) and CT 8 (-0.84 ± 0.06 nA, P < 0.031). 




Fig. 1. A (left panel) The I-V relationship for late and peak Ca2+ current amplitudes. (rght panel) typical traces 
of CA3 pyramidal whole-cell HVA Ca2+ currents. The inward currents elicited at -80, -60, -50,  -35, -30, -25, -
15, -5, +5 and +15 mV are shown. While voltage-control was better in the late phase of the inward current the 
amplitudes (•) were measured for each cell. Scale bar: 1 nA, 100 ms. B: The average amplitudes between -30 
and -10 mV are plotted against circadian time (CT). Current amplitudes exhibited a significant time-dependence 
(ANOVA, F41, 3 = 4.70, P < 0.007). The post-hoc tests revealed differences between CT 13 and CT 4 (P < 
0.025), and CT 13 and CT 8 (P < 0.031). 
 
There was no change detected over time during the storage of the slices (max. 10 h), 
suggesting that there is no CT modulation of Ca2+ currents under in situ conditions. 
Monoexponential fits of inactivation time courses between the initial and late 
amplitude of the currents at -10 mV yielded comparable time constants of 177 ± 12 ms 
for CT 13 vs. 206 ± 16 ms for CT 8 (t-test, P = 0.12). This may indicate that Ca2+-
induced Ca2+-channel inactivation is probably not involved in the CT modulation of 
Ca2+-current amplitude. We then examined whether daytime changes in Ca2+ could 
affect Ca2+-dependent excitability and AHPs, in slices taken at CT 4 and during the 
early dark period, at CT 13. The resting membrane characteristics (RN, τ0, and VM), 
firing threshold, and spike width or spike amplitudes, did not differ between the groups 
(data not shown). A depolarizing pulse induced a train of spikes (>5) followed by two 
kinetically distinct AHPs (Fig. 2A). All cells showed a slow AHP (sAHP) and in about 
50% of the cells an AHP with kinetic properties resembling the medium AHP (mAHP, 
Williams and Alger, 1990) preceded the sAHP.  
Group comparisons revealed neither a change in the peak amplitude of the sAHP, nor 
of the sAHP amplitude at 3 s after current onset (data not shown). However, the mAHP 
was significantly reduced at CT 13 compared with CT 4 (-4.0 ± 1.0 mV vs. -9.0 ± 1.0 
mV, P < 0.02, n = 6, Fig. 2A). The depolarizing phase (ADP) of the spike-
repolarization was significantly greater in amplitude in neurons from CT 13 (0.7 ± 0.5, 
vs. -2.4 ± 0.6 mV, P < 0.001, Fig. 2C). Consistent with the decreased mAHP (Williams 
and Alger, 1990), the rate of spike frequency accommodation (Buckmaster et al., 1993) 






Fig. 2. A: Current-clamp analysis of CA3 pyramidal neuron firing performed during the dark (CT 13) and light 
(CT 4) phases revealed marked differences in afterpotential characteristics. The AHPs were examined with a 500 
ms depolarization of 800 pA at -55 mV (scale bar: 20 mV and 0.5 s). The asterisk marks the suppression of the 
mAHP (P < 0.02). B: Analysis of the spike accommodation frequency, according to Buckmaster et al. (1993). 
The logarithm of firing frequency was plotted against spike interval time. A slower adaptation of spiking 
occurred during CT 13 compared with CT 4 (P < 0.03). C: Expanded and overlaid traces of single spikes 
(truncated). The depolarization phase of the post-spike repolarization (ADP, marked by asterisk) was 
significantly larger in the group of neurons recorded in the dark phase (P < 0.001). Scale bar: 20 ms, 5 mV. 
 
We further studied the extent to which circulating corticosterone levels were 
involved in the observed diurnal modulation of CA3 excitability. As expected, the 
highest levels of corticosterone occurred just after the onset of the dark phase (CT 13: 
122 ± 10.4 ng/mL; n = 10), and were low at CT 23 (21.9 ± 7.2 ng/mL; n = 4). 
Comparison of the averaged Ca2+ currents and the individual corticosterone 
concentrations revealed a U-shaped relationship (Fig 3A). We also tested the in vitro 
modulation of CA3 neurons by corticosterone. Slices were taken at CT 4, and 50 nM 
(n = 2) or 100 nM (n = 4) corticosterone-hemisuccinate (Steraloids Inc., Wilton, NH, 
USA) was added to the ACSF incubation medium. Data collection began 1–4 h after 
application of the steroid hormone. This time interval allowed the measurement of 
glucocorticoid-elicited effects on gene expression (de Kloet et al., 1998, Nair et al., 
1998). Whole-cell Ca2+ currents from CA3 pyramidal neurons (six cells, two rats) were 
significantly enhanced in the voltage range of -15 to -5 mV (Fig. 3B). Corticosterone 
selectively increased sAHP (Fig. 3C-D), spike width (121 ± 4%), and amplitude (108 ± 
2%), and reduced accommodation (-196 ± 44%; n = 8: P < 0.05, data not shown).  
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Fig. 3. A: Individual plasma corticosterone levels plotted against the averaged individual Ca2+-amplitudes 
revealed a U-shaped relationship between hormone levels and Ca2+-amplitude. B: Current-voltage relationship of 
Ca2+-current amplitudes of the CT 4 period compared with current amplitudes recorded after in vitro incubation 
with 50–100 nM corticosterone. Step potentials at -20, -15, -10, and -5 mV elicited higher amplitudes with 
corticosterone addition (*P < 0.05, **P < 0.01). C. Corticosterone application at slice from the light phase (CT 
4) increased preferentially the slow-AHP by 180 ± 23% P < 0.05,  n = 6. D. The amplitudes of the s-AHP, 
however, do not depend on the circadian time. 
 
Discussion 
The present data support a diurnal modulation of hippocampal neurotransmission 
(Barnes and McNauhton, 1977; Brunel and de Montigny, 1987, Dana and Martinez, 
1984; Raghavan et al., 1999), and demonstrate a dynamic daytime-dependence in the 
spike afterpotentials and postsynaptic HVA Ca2+ currents of CA3 pyramidal neurons. 
Depolarization-induced excitability exhibited daytime-dependent alterations, possibly 
related to changes in HVA Ca2+-amplitudes. During the dark phase, the ADP, 
predominantly generated by Ca2+-influx through either LVA- or HVA-channels 
(Magee and Carruth, 1999), was greater than during the light phase. While the changes 
in Ca2+-current amplitude probably rely on extra-hippocampal regulation, we 
hypothesize that one possible ‘zeitgeber’ could be the adrenocortical hormone 
corticosterone that peaks in rats with the onset of the dark period (de Kloet et al., 
1998), which is the beginning of the activity phase of the animals.  
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Activation of glucocorticoid receptors in CA1 pyramidal cells is known to enhance 
gene-mediated transcription of HVA L- and P-type, but not N-type Ca2+ channels (Nair 
et al., 1998). Mineralocorticoid receptor activation, on the other hand, results in a 
suppression of Ca2+ currents (de Kloet et al., 1998). Therefore, the level of circulating 
corticosterone exerts a biphasic effect that may account, in particular, for the 
modulation of Ca2+ currents (de Kloet et al., 1998, Nair et al., 1998), and also for the 
modulation of synaptic plasticity (Diamond et al. 1992, Pavlides and McEwen, 1999). 
Consistent with the idea of a biphasic regulation, our data show a U-shaped 
relationship between the time-of-day-dependent measurements of CA3 neuronal HVA 
Ca2+-amplitudes and circulating corticosterone concentrations. Interestingly, removal 
of the adrenal glands, eliminating the main source of corticosterone, reverses the 
circadian rhythm of hippocampal LTP induction (Dana and Martinez, 1984). Voltage 
recordings during the dark phase showed a suppression of the mAHP but no change in 
the sAHP. This contrasts with the large changes with high levels of corticosterone or 
putatively elevated L-type Ca2+ currents, which both increase the sAHP (Fig. 3, 
Birnstiel et al., 1995; Tanabe et al., 1998).  
Additional factors involved in daytime modulation of CA3 neuronal excitability may 
include, for instance, acetylcholine. Acetylcholine is increased in the rat hippocampus 
during the dark period (Mizuno et al., 1994), and suppresses Ca2+-dependent K+ 
currents, leading to an inhibition of AHPs and spike accommodation (Brunel and de 
Montigny, 1987, van der Zee et al., 1999, Williamson and Alger, 1990). Daytime 
variations in the brain-derived neurotrophic factor (BDNF), expressed at higher levels 
during the dark period (Schaaf et al., 2000), may also be involved, as BDNF modulates 
hippocampal synaptic plasticity via HVA Ca2+ channels (Kang et al., 2000). Our Ca2+ 
current data point to increased intrinsic CA3 neuronal excitability, which is supported 
by results from Brunel and de Montigny (1987), who reported increased CA3 firing 
and neurotransmitter responsiveness in vivo during the dark phase.  
Therefore, one may conclude from the present data that the activity phase of the LD-
cycle is correlated with different states of intrinsic hippocampal CA3 neuronal 
properties which are due, to some extent, to altered HVA Ca2+ current properties. 
These data also warrant for differences in physiological observations between 
hippocampal slice preparations (a widely employed model to investigate neuron 
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The experience of chronic stress induces a reversible regression of hippocampal CA3 
apical neuron dendrites. Although such postsynaptic membrane reduction will 
obviously diminish the possibility of synaptic input, the consequences for the 
functional membrane properties of these cells are presently not well understood. We 
tested the hypothesis that chronic stress affects the input-output characteristics and 
excitability of CA3 pyramidal cells. Somatic whole-cell current-clamp recording with 
parallel intracellular biocytin labeling was performed on CA3 neurons from in vitro 
hippocampal slices from male tree shrews, which were collected after 28 days of 
psychosocial stress exposure and compared to recordings obtained from control 
animals. Post-hoc morphometric analysis of biocytin-labeled CA3 cells revealed 
branch regression, by fewer dendritic crossings and length, limited to a distance 
between ~280 and 340 µm from the soma only. The results from whole-cell recording 
indicate that chronic stress surprisingly reduced the apparent membrane time-constant 
and input resistance 20 to 25%, accompanied by increased amplitude of the 
hyperpolarization-induced voltage ‘sag’. All active membrane properties, including 
depolarization-induced action potential kinetics, complex spiking patterns, and 
afterhyperpolarization voltages, were indistinguishable from control recordings. 
Although linear association analysis confirmed that differences in geometry, such as 
apical length or branch number, were correlated to functional variability in properties 
of the spike current- and voltage-threshold, these changes were too marginal to be 
reflected in the group differences. However, the individual adrenal hormone status was 
significantly associated to the selective changes in subthreshold excitability. Taken 
together, the data provide evidence that despite long-term stress induces 
morphological changes, up-regulates cortisol release and shifts the intrinsic membrane 
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Introduction 
Repeated stressful experiences have a profound impact on structural plasticity in the 
hippocampus (McEwen, 1999; Fuchs and Flügge, 2002). Among a number of 
anatomical changes, a striking process is the slow-developing regression in 
geometrical length selectively of apical dendrites of CA3 pyramidal neurons, which 
has been documented similarly after corticosterone administration (Watanabe et al., 
1992; Magariños et al., 1996; Sousa et al., 2000). To date, little is known regarding the 
physiological adaptations of CA3 pyramidal cells accompanying chronic stress 
experiences. 
Although the traditional framework for interpreting the functional consequences of 
the CA3 remodeling is based on the logic that a reduced postsynaptic surface will 
diminish the availability for synaptic input (Hume and Purves, 1983) even very subtle 
differences in dendritic structures might critically influence somatically recorded firing 
patterns. For example, whereas the firing rate of hippocampal pyramidal neurons 
reduces as a function of the apical dendritic tree size (Bilkey and Schwartzkroin, 1990; 
Mainen and Sejnowski, 1996; Krichmar et al., 2002), propagation for voltages, action 
potentials and threshold for bursting will be facilitated at the same time (Henze et al., 
1996; Golding et al., 2001; Vetter et al., 2001; Krichmar et al., 2002; McDonagh et al., 
2002). Since the ability of intrinsic and network burst firing of CA3 pyramidal neurons 
is critical to produce recurrent collateral long-term potentiation (Bains et al., 1999) or 
sharp-spike waves (Buzsáki, 1986), it is reasonable to assume that geometry-
dependent changes in precise firing patterns might profoundly influence information 
signaling within this neural circuit. 
Adaptations of pyramidal cells accompanying stress experiences might furthermore 
be expected to follow from the corticosteroid elevation, that profoundly influences 
voltage-dependent conductances and firing characteristics of CA1 pyramidal and 
dentate granule cells (Joëls, 2001). Intracellular recordings of single CA3 neurons by 
Okuhara and Beck (1998) showed that after 2 weeks of high corticosterone treatment, 
the relative number of intrinsically bursting cells was lower. Field potential recordings 
in the CA3 subfield after chronic stress revealed alterations in current source densities 
along the somato-dendritic axis and suppression of long-term potentiation at the 
perforant path and commissural-associational (C/A) input (Pavlides et al., 2002).  
Evidence has accumulated that chronic subordination stress in the male tree shrew 
may represent a valid naturalistic experimental paradigm to study causal mechanisms 
of stress-related disorders (van Kampen et al., 2002). Only the subordinate tree shrews 
develop symptoms such as a persistent hypercortisolism, disturbance of sleeping 
patterns, weight loss and reduced activity levels (Fuchs et al., 1992; Czéh et al., 2001; 
Lucassen et al., 2001; reviewed in Fuchs and Flügge, 2002). Subordinate animals have 
furthermore subregional changes in volume and neurogenesis within the hippocampus 
(Czéh et al., 2001; Lucassen et al., 2001). To determine the physiological properties 
and firing characteristics of single CA3 neurons after a prolonged period of 
psychosocial stress, in vitro slices were prepared from stressed and control tree shrews 
and CA3 neurons investigated by using somatic whole-cell recording. For a selection 
of cells, intracellular biocytin labeling (Horikawa and Armstrong, 1988) enabled post-
hoc quantitative morphometry of the dendritic structure.  
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Materials and Methods 
Animals and procedures 
Experimentally-naive adult male tree shrews (Tupaia belangeri, between 8–10 
months of age) were bred in the colony at the German Primate Center in Göttingen 
(Germany). The day-active animals were housed singly on a regular day/night cycle 
(lights on from 0800 to 2000) and were accustomed to frequent handling (for details 
see Fuchs et al., 1992). All animal experimentation was conducted in accordance with 
the European Communities Council Directive of November 24, 1986 (86/609/EEC) 
and was approved by the Government of Lower Saxony, Germany. The minimum 
number of animals required to obtain consistent data was employed.  
Psychosocial stress was induced as described previously (Fuchs et al., 1992; 
Magariños et al., 1996; reviewed by Fuchs and Flügge, 2002). In brief, during a pre-
stress period of 8 d body weight was recorded daily, and activity of the HPA axis and 
the sympatho-adrenomedullary system were determined by measuring cortisol and 
norepinephrine, respectively, in morning urine, which was collected daily between 
0745 and 0800 after a slight massage of the hypogastrium. After the pre-stress period, 
psychosocial stress was induced by introducing a naive animal into the cage of a 
dominant animal. Animals readily engaged in a territorial competition, and after 
establishment of a clear dominant/subordinate relationship, the two males were 
separated by a transparent wire mesh barrier. As in earlier studies (Fuchs et al., 1992; 
Magariños et al., 1996; Czéh et al., 2001; Meyer et al., 2001), all of the naive animals 
became subordinate. During the stress phase, which lasted for 28 d, the wire mesh 
barrier was removed daily for approximately 1 h. Under these conditions the 
subordinate animal displayed characteristic subordination behavior (see Fuchs and 
Flügge, 2002). The monitoring of body weight and the collection of morning urine 
samples were repeated daily during the whole stress phase. The control animals 
remained singly housed and kept in separate rooms elsewhere in the animal facility, 
but underwent the same procedures for urine sampling and weighing.  
On day 29 and approximately 17 h after the last confrontation, subordinate (N = 6) 
and control animals (N = 5) were sacrificed and hippocampal slices prepared. The 
adrenal glands and testes were dissected and weighed on an analytical balance. 
  
Slice preparation 
Between 0830 and 0900 hours, at the onset of the activity phase, animals received an 
overdose of a ketamine–xylazine–atropine mixture and were transcardially perfused 
for 2 min with an ice-cold carbogenated (95% O2/5% CO2) sucrose-based artificial 
cerebrospinal fluid (ACSF), containing (in mmol/L): 206 sucrose, 1 MgCl2, 2.5 KCl, 2 
MgSO4, 1.25 Na2H2PO4, 26 NaHCO3, 14 D-glucose, 1 kynurenic acid, and 1.3 CaCl2 
(chemicals from Merck, Darmstadt, Germany). This procedure minimizes toxic Cl-- 
and Na+-influx, cools the brain tissue and by this markedly increases neuron viability 
in brain slices of adult animals (Moyer and Brown, 1998). The brain was isolated 
rapidly and the right hemisphere cut into a block, which contained the hippocampus. 
Transverse 400 µm thick hippocampal slices were cut with a Vibroslicer (TSE, 
Homburg, Germany) and immediately stored in oxygenated (95%O2, 5%CO2) normal 
ACSF, containing (in mmol/L): 125 NaCl, 2.5 KCl, 1.25 Na2HPO4, 2 MgSO4, 26 
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NaHCO3, 1.5 CaCl2, 1 L(+)-ascorbic acid, and 14 D(+)-glucose, at ~300 mOsm and 
pH 7.4. The solution was warmed to 33°C for 1 h; thereafter the slices were stored at 
room temperature for up to 12 h.  
 
Electrophysiological recordings 
a) Patch-clamp recording  
Slices were transferred one at a time to a submerged recording chamber that was 
filled continuously with carbogenated ACSF (flow rate: 1–2 mL/min). Somata of 
hippocampal pyramidal neurons were approached with a patch-pipette under an 
Axioskop 2 FS upright microscope equipped with infrared differential interference 
contrast (IR-DIC) optics (Zeiss, Göttingen, Germany). Patch-pipettes (3–5 MΩ) were 
filled with an intracellular solution composed of (in mmol/L): 120 KMeSO4 (ICN, 
Eschwege, Germany), 2 MgCl2, 20 KCl, 10 HEPES, 0.1 EGTA, 3 sodium-ATP, 10 
phosphocreatine, and 0.3 sodium-GTP (Sigma-Aldrich, Steinheim, Germany), set at 
290 mOsm and pH 7.3 with KOH. All data were collected at room temperature (23 ± 
2°C). Somatic whole-cell recordings (seal resistances > 1 GΩ) were performed in 
current-clamp mode by using an Axopatch 200B amplifier (Axon Instruments, Union 
City, CA, USA) and signals were low-pass filtered at 5.0 KHz and digitized with an 
ITC-16 computer interface (HEKA Elektronik, Lambrecht, Germany).  
Data collection, command potentials, and step protocols were made with PULSE 
software (HEKA). During current-clamp recordings, the fast clamp mode was used 
and the voltage bridge was monitored regularly. Series resistance was always 
maintained below 20 MΩ. Spontaneous excitatory- and inhibitory-mediated activities 
were suppressed by bath application of 20 µM 6-cyano-7-nitroquinoxaline-
2,3(1H,4H)-dione (CNQX) and 10 µmol/L bicuculline (Tocris, Bristol, UK). To rule 
out geometrical variation of CA3 pyramidal neurons depending on their proximity to 
the dentate gyrus or depth in respect to the stratum pyramidale (Bilkey and 
Schwartzkroin, 1990; Ishizuka et al., 1995), we standardized the recording site to the 
proximal part of CA3b. 
 
b) Data analysis 
Voltage recordings were only included for analysis when (i) the membrane potential 
was –55 mV or lower, and (ii) a stable series resistance was measured for longer than 
30 min. From 4–6 voltage transients within the linear range of the I–V relationship, the 
membrane input resistance (RN) was determined from the slope of a linear regression 
fit (Spruston and Johnston, 1992). From voltage responses lacking synaptic activity 
and/or obvious rectification, the membrane time constant (τm) was estimated with a 
monoexponential fitting of voltage transients in response to small –50 to +50 pA 
current injections. The constants were determined for both hyperpolarizing and 
depolarizing transients, as well for the onset (τon) and offset (τoff) of the current step. In 
the results only τm of depolarization onset values are shown, but similar results were 
obtained with each procedure. Resting membrane properties were always measured at 
a fixed latency after establishing whole-cell configuration, when RN and τm were most 
stable. Action potential (AP) properties were determined from voltage responses that 
elicited a single AP only. The fast, medium, and delayed afterpotential amplitudes 
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(fAHP, mAHP and dAHP, respectively) were all expressed as mV from AP threshold 
(Larkman et al., 1992). The medium and slow afterhyperpolarization (mAHP and 
sAHP, respectively) were expressed as potential from the holding VM. 
Monoexponential fits of the voltage traces were performed with PULSE-FIT v8.11 
(HEKA).  
 
Biocytin staining of individual neurons and morphometric reconstruction of dendrites 
A number of neurons were recorded with 3 mg/mL biocytin (w/v, Sigma-Aldrich) 
inside the pipette (Horikawa and Armstrong, 1988). After recording, slices were 
immediately transferred to a fixative of 0.1 M phosphate-buffer (PB) containing 4% 
paraformaldehyde (pH 7.4) and stored for 4–7 d at 4°C. Cells were visualized in whole 
slices were using standard procedures (Pyapali et al., 1998). The slices from stressed 
and control animals were processed simultaneously in a single staining experiment. 
Labeled cells were visualized with light-microscopy and evaluated for staining 
quality criteria. The IR-DIC patch-clamp technique provides excellent high 
signal/noise ratio for electrophysiological recording but restricts the collections of 
neurons within 100 µm from the slice surface, where the structure of some cells is 
compromised, such as amputated main apical or basal dendrites. These were omitted 
from analysis. Further inclusion criteria were i) vision up to the most distal apical 
dendrites and clear dense labeling, and ii) a plane of the primary basal and apical 
dendrite remaining parallel to the plane of the slice.  
Reconstruction of the dendritic structures was performed by computerized tracing 
with Neurolucida (Microbrightfield, Colchester, VT, USA) in combination with an 
automated stage and focus control (Zeiss photomicroscope III RS) and a ×40/0.75 
objective and final enlargement of ×40.000 at the monitor. Numerical analysis of 
apical and basal dendritic parameters, including dendritic length and branch nodes, 
were all performed with standard algorithms of the Neuroexplorer software (v 3.2, 
Microbrightfield). The ethanol dehydration-induced shrinkage (for discussion see 
Pyapali et al., 1998) will not distort group differences. To compare our data 
quantitatively with previous studies using similar intracellular labeling techniques we 
applied a weighed linear correction factor of 1.6 for all three axes.  
 
Analysis of urine samples 
Urinary free cortisol was measured by a scintillation proximity radioimmunoassay 
using anti-rabbit cortisol antiserum (Paesel-Lorei, Frankfurt, Germany), anti-rabbit 
IgG-coated fluomicrospheres (scintillation proximity assay anti-rabbit reagent type I, 
Amersham, Braunschweig, Germany), and 3H-cortisol (Amersham) as tracer. Urinary 
norepinephrine was quantified by High-Performance-Liquid-Chromatography with 
coulometric detection after extraction on BioRex 70 cation-exchange columns 
(BioRad, Munich, Germany), as described previously (Fuchs et al., 1992). To adjust 
the cortisol and norepinephrine concentration to the physiological status of the 
individual animal, the concentrations were corrected to the respective creatinine 
concentrations that were evaluated by means of a Beckman Creatinine Analyzer 2 
(Beckman Instruments, Fullerton, CA, USA).  
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Statistical analysis 
Data from electrophysiological experiments were collapsed across (n) neurons for 
each animal, and group comparisons were performed with the average of (N) 
individual animals as the dependent variable. Comparison of mean organ weight was 
performed with independent-sample t-tests. Daily recorded data on body weight, 
urinary cortisol, and urinary norepinephrine concentrations of subordinate and control 
animals were converted into percentages of the baseline (pre-stress) period, and 
statistically tested for significance using ANOVA for repeated measurements. 
Correlation analysis for linear associations was done with a two-tailed parametric 
Pearson’s test. For all comparisons the significance level was set at P < 0.05. 
Statistical evaluation of the data was performed with SPSS v10.0 (SPSS Inc., Chicago, 
Ill, USA). Graphical processing was done with Origin v6.1 (OriginLab Corporation, 





Stress-induced changes in neuroendocrine parameters and body weight 
The repeated territorial conflict had large consequences for the physiology of the 
animals (Table 1 and Fig. 1). There was a time-dependent significant reduction of 
body weight, spanning from the onset until the end of the social conflict period (P < 
0.01, Table 1, Fig. 1A). Also the urinary cortisol levels in subordinates were elevated 
(201 ± 19%, N = 6, P < 0.01, Fig. 1B) without adaptation over the course of the stress 





Fig. 1. Chronic stress produces an enduring loss of body weight and sustained hyperactivation of the HPA-axis. 
A. Subordinate (black circles) but not control tree shrews (open squares) reduce around 8-10% of their initial 
body weight persistently during the stress period (F (30, 4) = 4.7, P < 0.01). The average body weight of the 8 d 
pre-stress period is used to normalize the successive body weight measurements. The onset and duration of the 
29 d stress period is indicated by the black bar. B. The onset of psychosocial stress is also immediately 
accompanied by activation of the HPA-axis as evident by elevated urinary cortisol levels (area under the curve: 
F (10, 1) = 22.5, P < 0.001) throughout the stress period (repeated-measures F (10, 1) = 9.8, P < 0.014). Data 
represent the mean ± SEM normalized to the average urinary cortisol during the pre-stress period. 
 
 
These data are consistent with the increased adrenal weight in subordinate tree 
shrews (P < 0.05, Table 1). There was also a strong activation of the sympatho-
adrenomedullary system, as indicated by the non-adapting elevation (~200%) of 
urinary norepinephrine levels (ANOVA for stress × time (F (30, 4) = 4.3, P < 0.01, 
data not shown). Conform to previous findings (Fuchs and Flügge, 2002), the chronic 
confrontations significantly reduced testis weight (P < 0.01, Table 1). Taken together, 
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Table 1. Body and organ weights of control and stressed animals 
 Control Stress 
N 6 6 
Initial body weight (g) 221.8 ± 8.4 222.7 ± 16.8 
Body weight# (%) 100.6 ± 1.6 93.6 ± 2.1 * 
Adrenals (mg/100g)§ 16.2 ± 1.9 22.3 ± 1.4 * 
Testis (mg/100g)§ 497.9 ± 42.1 310.0 ± 38.3 ** 
Spleen (mg/100g)§ 102.4 ± 27.4 131.8 ± 10.2 
 
#Data are expressed as the difference between averages ± SEM of 
week 4 compared to the pre-stress week. §mg organ weight per 100 g 




Stress reduces CA3 pyramidal neuron branching pattern  
From five controls and six stressed tree shrews, hippocampal slices were obtained 
and stable somatic whole-cell recordings performed for a total of 23 CA3 pyramidal 
neurons from stressed, and 16 CA3 pyramidal neurons from control animals. To 
elucidate whether in the hippocampal slice preparation the dendritic morphological 
changes are conserved, we examined ten intracellularly labeled neurons for aspects of 
dendritic morphology in which complete and optimal visible staining was obtained 
(Fig. 2A–B). The results from morphometric analysis indicates that all aspects of the 
basal dendrites were comparable between groups, both in the length of branches and 
number of nodes (control length 2.8 ± 0.8 mm, stress 3.1 ± 0.4 mm; control nodes: 
11.0 ± 3.5, stress: 11.8 ± 1.4, P > 0.4). Also the total geometric path length for apical 
dendrites was not significantly different between groups (control: 9.6 ± 0.7 mm, n = 4, 
stress: 7.4 ± 1.2 mm, n = 6, P < 0.09), nor were the apical dendrites less complex, as 
estimated by number of branch points (26.0 vs. 19.8, P > 0.4) or the average maximum 
branch orders (control: 8.0 ± 1.0, n = 4, stress: 7.3 ± 0.6, P > 0.5, n = 6).  
We subsequently addressed whether stress might have induced branch retractions 
confined to subdomains of the dendritic tree. Sholl plots (Sholl, 1953) evaluated 
dendritic length with respect to the distance of soma (Fig. 2B). When comparing the 
two different groups in their branching patterns, it was found that stress reduced the 
number and length of dendritic branches within a small range spanning between 280–
340 µm from the center of the cell body (for each ring, P < 0.05).  
 
Stress reduces the CA3 subthreshold excitability 
This study represents the first physiological analysis of hippocampal pyramidal 
neurons of the tree shrew. The somatic hyperpolarizing and depolarizing current 
injections revealed voltage responses typical for CA3 pyramidal neurons (Fig. 3A). In 
general, the resting membrane properties in control animals were comparable to rodent 
CA3 membrane properties obtained with tight-seal whole-cell recording (Major et al., 
1994) or perforated technique (Spruston and Johnston, 1992). This includes a 
relatively low conductance (RN > 150 MΩ) around the resting membrane potential, a 





Fig. 2. Chronic stress-reduced CA3 apical dendritic arborization is recovered in intracellularly labeled CA3 
pyramidal neurons. A. Neurolucida reconstructions of a CA3b pyramidal neuron from the control group (left 
panel) and from the stress group (right panel). The dotted lines illustrate the locations of the different 
hippocampal subfields. Here, o: stratum oriens; p: stratum pyramidale; luc: stratum lucidum; r: stratum radiatum; 
l-m: stratum lacunosum moleculare. Note that spines and thorny excrescences are not included in the 
reconstruction. The physiological properties of the neuron from the control animal were VM –67.8 mV; τm 73.2 
ms; RN 224.2 MΩ; Rs 13.1 MΩ. Properties of the CA3 neuron from a stressed animal: VM –76.3 mV; τm 50.0 ms; 
RN 179.3 MΩ; Rs 16.0 MΩ. B. The spatial distribution of dendrites was analyzed as a function of distance from 
the soma by drawing concentric radii of 20 µm, increasing stepwise from the center of the soma (Sholl, 1953). 
Chronic stress (closed squares, n = 6) significantly reduced the number of dendritic elements in the apical 
dendrites compared to control (open circles, n = 4) within the stratum radiatum (280, 300, 320, and 340 µm from 
soma: for each ring P < 0.05). Basal dendrites were similar between control and stressed animals, in both 
summed length and/or dendritic crossings. The data represent mean ± SEM. 
 
Resting properties 
As illustrated in Fig. 3A-B, hyperpolarization of the membrane in neurons from 
stressed animals (Fig. 3B) induced a stronger inward rectification compared to control 
neurons (Fig. 3A) that increased with further hyperpolarization of the membrane. 
When we compared the resting properties of the voltage responses of CA3 pyramidal 
neurons from controls with chronically stressed animals, a striking effect was observed 
on both the apparent RN and τm. 




Fig. 3. Chronic stress increases the sag conductance and decreases the subthreshold excitability  
A. Examples of a family of voltage traces of CA3 pyramidal neurons obtained from a control animal. Somatic 
current injections were given between –200 and +350 pA and the amplitudes of the voltage responses measured 
to construct I-V plots for both the peak voltage (open squares) and steady-state voltage (closed circles). Linear 
fits (straight line through origin) within a subthreshold range (–75 and 75 pA) were used to estimate RN. Both 
showed a linear response, indicating marginal rectification at the peak voltge. B. Example of a recording from a 
chronically stressed animal showed that the peak voltage (open circles) had a linear I-V, but the steady-state 
responses (closed squares) were indicative of increased inward rectification (dotted line). Indeed, the voltage 
‘sag’ at hyperpolarizing current steps was increased after stress (0.89 ± 0.02, N = 6) compared to control levels 
(0.95 ± 0.01, N = 5, P < 0.001). C. Subthreshold excitability is persistently decreased after stress, as the RN 
reduced from 161 MΩ (control, N = 5) towards 121 MΩ (N = 6, P < 0.05) and the τm from 65 ms to 49 ms (P < 
0.01). D. The cortisol levels of the last day (Y-axis) predict the magnitude of the CA3 sag ratio (X-axis). In the 
scatter plot, the different symbols are used for the individual control animals (open squares) and stressed animals 
(closed circles). The line is derived from linear fitting through the data and the r values refer to Pearson’s 
correlation coefficients indicating the significance of the association (P < 0.005). 
 
The RN appeared to be significantly decreased by 19 ± 3% (P < 0.05, N = 6, Fig. 3C) 
and τm was reduced similarly after stress, by 29 ± 7% (P < 0.01). Resting properties are 
dependent on the membrane potential (Spruston and Johnston, 1992) but the variability 
between resting properties cannot be explained by VM, as this was very similar 
between groups (control: -65.8 ± 1.7, stress; -67.9 ± 1.5, P > 0.6). 
This might suggest that there is a greater conductance at resting potential after stress. 
Indeed, the depolarizing sag response, typical for the hyperpolarization-activated 
inward current Ih (Pape, 1996; Vasilyev and Barish, 2002) was significantly increased 
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in its ratio (from 0.94 to 0.89, P < 0.01). Even further, the ratio increase appeared to 




Depolarizing current injections that elicited a single action potential showed that the 
majority of cells were in fact not bursting. The propensity for intrinsic bursting, a 
traditional hallmark of CA3 pyramidal firing, was observed in only 1 out of 16 cells in 
the control CA3 neurons (7%) and in 16% (4/23) of the recordings in slices from 
stressed animals, with these results not significantly different (χ2 = 0.056, P > 0.25). 
Examples of the bursting cells are shown in the insets of Fig. 4A-B. When we 
analyzed single APs for kinetics and amplitudes the results showed that none of the 
properties changed by stress (Table 2, Fig. 4D). Interestingly, however, the dendritic 
structure selectively influenced aspects of the AP properties. For example, the average 
dendritic length within the subregion 280-340 µm distance from the soma was 
negatively associated to the AP height (r = - 0.71, P < 0.02, n = 10) and positively 
related to the current threshold for AP triggering (r = 0.69, P < 0.025, n = 10). Thus, 
less apical dendritic material facilitates AP generation by reducing its threshold and 
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Fig. 4. [previous page] Chronic psychosocial stress preserves AP firing patterns at tree shrew CA3 cells. A. 
Complex spike patterns of a control tree shrew CA3 pyramidal neuron. By holding the cell at –55 mV and 
applying a somatic current injection of 800 pA, 14 to 18 APs were typically elicited. The spiking pattern was 
composed of an initial fast somatic action potential, rapidly followed by a temporal pattern of decelerating 
backpropagating low-amplitude dendritic APs, finally leading to steady-state firing. The inset shows that the 
control cell was intrinsically bursting, as indicated by the threshold burst, VM – 74 mV. B. Comparable firing 
patterns are observed in the suprathreshold firing of a CA3 neuron from a stressed animal. The VM was -69 mV 
and IRh 170 pA injection elicited a burst response (inset). C. Analysis of firing frequency per spike interval 
indicated that there was a high degree of similarity in the dynamic and pace of spike frequency, except for a 
trend in lower frequency in the second (P < 0.06) and sixth interval (P < 0.07). Data represent mean ± SEM. D. 
Single CA3 action potential properties were not changed by a chronic stress experience. For further details, see 




Table 2. Action potential properties of CA3 pyramidal cells from 
control and stressed tree shrews 
  Control Stress 
 N (n) 5 (14) 6(23) 
Action potential     
  Amplitude 
(mV) 
93.1 ± 3.4 98.1 ± 1.3 
 ½ width (ms) 1.48 ± 0.04 1.59 ± 0.05 
 VT (mV) -46.3 ± 0.8 -45.9 ± 1.1 
 VT – VM (mV) 19.4 ± 1.8 22.2 ± 1.7 
 IRh (pA) 323.1 ± 9.0 301.7 ± 17.3 
 fAHP (mV) -10.9 ± 1.1 -11.4 ± 1.10 
 DAHP (mV) -2.02 ± 0.4 -3.3 ± 1.7 
 
Analysis of AP properties. VT = AP voltage threshold; IRh = AP current threshold. 
N = number of animals, n = number of observations. Data are shown as mean ± SEM  
of individual animals. No differences were found between groups. 
 
Suprathreshold firing 
To investigate possible alterations in spike sequences, suprathreshold somatic current 
injections of 800 pA were applied. The depolarizations induced comparable voltage 
response of ~13 mV in control and ~15 mV in stressed animals (P > 0.4), and the 
groups were also similar in the number of triggered action potentials (control: 14.6 ± 1 
APs vs. stress: 14.3 ± 1 APs) (see Fig. 4A-B). The temporal pattern of spikes consisted 
of an initial high-frequency spike train at 200 Hz that rapidly declined towards low 
amplitude broad spikes, which progressively reached a steady-state firing pattern of 
~40 Hz. The sequential alteration in cell firing concurs highly with recent updated 
models of soma-dendritic firing at the CA3 neuron (Lazarewicz et al., 2002), 
demonstrating that the first spike is predominantly somatic, but inducing 
backpropagating dendritic spikes. Therefore, forward propagating dendritic spikes 
precede the second spike consequently inducing complex spike waveforms. We 
quantified the AP frequency as a function of inter-spike interval (Fig. 4C).  
Overall, the results show that stress affected neither the initial rapid phase of 
depolarization-induced firing nor the late steady-state pattern. There were slight 
increases detected in the second and sixth spike interval (P < 0.06). Also, the 
comparison of action potential amplitude or spike width as a function of spike interval 
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did not show differences between the two groups of animals (not shown), strongly 




Depolarization-induced action potentials elicited medium and slow activated AHPs 
mediated by Ca2+-dependent K+-channels (Storm, 1989). To fully activate the mAHP, 
cells were held by steady current injection to a membrane potential of –55 mV. Upon 
return to the holding potential, two kinetically distinct afterhyperpolarizations were 
detected (Fig. 5A) – a large amplitude and rapid inactivating mAHP (Storm, 1989) 
followed by a slower L-type Ca2+-dependent slow-inactivating AHP (sAHP, Tanabe et 
al., 1998). Stress produced no effect on aspects of either mAHP or sAHP generation in 
CA3 pyramidal neurons (P > 0.4, N = 6, Fig. 5B). Since AHPs are produced as a 
function of AP number (Storm, 1989) we also comparatively analyzed responses from 
cells selected for similar number of APs (14). In addition, between these groups there 
were no changes in the AHPs dependent on stress (P > 0.5) further corroborating that 





Fig. 5. Chronic stress does not affect afterhyperpolarization amplitudes. A. The kinetically distinct medium 
(mAHP) and slow afterhyperpolarization (sAHP) were recorded in a current-clamp from -55 mV. AHP traces 
are averaged across all animals from each group where the responses from the stress groups (black line) are 
superimposed on the control AHP (gray line). B. Quantitative comparison between the groups yielded no effect 
of stress on the mAHP, sAHP or the area under the curve after chronic stress (P > 0.03). Data are shown as mean 
± SEM.  
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Discussion  
Stress-induced alterations of intrinsic and active physiological membrane properties 
In the present study the subordinate tree shrews showed pronounced signs of 
psychosocial stress-induced neuroendocrine changes, during the course of the 
paradigm and shortly before the time of sacrifice: the animals exhibit persistently 
hyperactivated sympatho-adrenomedullary and HPA system and reduced body- and 
testis weight (Fig. 1, Table 1). The changes are consistent with previous observations 
(Fuchs et al., 1992; Magariños et al., 1996; Vollmann-Honsdorf et al., 1997; Meyer et 
al., 1998; 2001; Lucassen et al., 2001; Bartolomucci et al., 2002; for review see van 
Kampen et al., 2002; Fuchs and Flügge, 2002). In preceding anatomical investigations 
in stressed tree shrews we showed that these experiences do not change hippocampal 
neuronal numbers (Vollmann-Honsdorf et al., 1997), though reduce selectively the 
surface area of CA3 stratum radiatum, coinciding with reduced hippocampal volume 
and regression of CA3 apical dendritic branch length (Magariños et al., 1996; Czéh et 
al., 2001; Lucassen et al., 2001; this study).  
Here, using comparative patch-clamp analysis of tree shrew CA3 pyramidal neurons 
from control and stressed individuals we demonstrate that prolonged stressful 
experiences affect the subthreshold excitability, but not their active membrane 
properties (Fig. 4). Whereas the structural reduction of CA3 dendritic branches itself 
imposes only small functional changes in firing of APs, the variation in cortisol levels 
seems to play the predominant role in setting the subthreshold excitability of CA3 
pyramidal neurons.  
 
Apical dendritic changes produce only small effects at somatic firing  
A novel finding was that in intracellular-labeled CA3 cells, having improved 
resolution of dendritic processes (Pyapali et al., 1998), stress led to a branch retraction 
only confined to a distance of ~300 µm from the soma, but not more distal. This 
extends our previous observations (Magariños et al., 1996) and findings of other 
groups using Golgi-silver impregnation (Watanabe et al., 1992; Sousa et al., 2000) and 
furthermore proofs that slow-developing modifications of branching patterns are 
preserved within the hippocampal slice preparation. Similar observations with 
intracellular labeling of rat CA3 neurons have been made recently (unpublished 
observations, M. Kole, T. Costoli, J. Koolhaas, E. Fuchs).  
A critical question addressed is: do differences in CA3 geometrical structure per se 
contribute to changes of neuronal membrane properties? We approached this question 
by linear association analysis showing that decreased apical length reduces the 
rheobase and increases AP amplitude, thus facilitating AP signaling. These results 
concur with experimentally measured and computer simulated effects of the role of 
morphology at somatic firing (Krichmar et al., 2002; McDonagh et al., 2002). For 
example, CA3 neurons selectively pruned in their dendritic branches at the apical cone 
require less depolarization current injections to the transit from quiescence to bursting 
(Krichmar et al., 2002). However, comparative analysis between our experimental 
groups shows the firing properties were not changed. Thus, although our data are in 
support of the position that geometry is an important variable for CA3 threshold firing, 
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we conclude that such changes are probably too moderate to significantly contribute to 
the average firing characteristics of tree shrew CA3 pyramidal cells.  
Alternatively, remodeling might induce only selective alterations in dendritic 
excitability and/or forward or back propagating APs (Spruston et al., 1999; Golding et 
al., 2001). To date, direct recording from CA3 dendrites remote from the soma is 
technically inaccessible (but see Geiger et al., 2002), making it presently difficult to 
address AP backpropagation or to test properties of CA3 dendritic voltage-dependent 
channels. That stress-induced CA3 remodeling induces local effects has been 
demonstrated by the shifts in current sinks and sources at the somato-dendritic axis of 
the rat CA3 subfield (Pavlides et al., 2002) 
 
 
A mediating role for cortisol in the effects of stress at CA3 pyramidal neurons 
In view of the permissive effects of glucocorticoids (corticosterone in rat, cortisol in 
tree shrews) on structural alterations of the CA3 apical dendrites (McEwen, 1999) and 
hippocampal excitability (Joëls, 2001), we postulated that cortisol might have exerted 
a critical role in the observed regulation of membrane properties. Tree shrew 
hippocampal neurons densely express both glucocorticoid and mineralocorticoid 
receptors (Meyer et al., 1998), with expression, especially in dentate granule cells, 
region-dependently modulated after 27 d of social confrontations (Meyer et al., 2001), 
though only marginally within the CA3 field. There are a number of membrane ion 
channels identified as targets for in vitro or in vivo receptor activation by 
corticosteroids. These include Ca2+-currents and/or Ca2+-dependent K+ currents, 
leading to shifts in spike accommodation and AHP changes of CA1 pyramidal neurons 
(Karst et al., 1993; Beck et al., 1994; reviewed by Joëls, 2001). In addition, acute high 
corticosterone exposure elevates also CA3 pyramidal cell Ca2+-current amplitudes, 
increases AP half-width and markedly increases the sAHP (Kole et al., 2001). 
Surprisingly, the present data show that after 29 d of endogenously elevated cortisol 
levels, neither the kinetics nor firing frequency of APs and/or AHP properties are 
affected. These findings support the notion that even after long-term treatment with 
high corticosterone levels (Okuhara and Beck, 1998) no changes occur in AP-mediated 
properties in the rat CA3 subfield, suggesting that Ca2+-dependent aspects of CA3 
functional properties are not dramatically altered by enogenous chronically high 
corticosteroid levels.  
Stress-induced cortisol elevation, however, appeared to be associated with increased 
sag voltage (Fig. 3B). An increase in the sag response is suggestive of an upregulation 
of Ih (Pape, 1996; Vasilyev and Barish, 2002) that is consistent with the reported 
increase of Ih (Iq) amplitudes at CA1 neurons when both the glucocorticoid- and 
mineralococrticoid receptor are simultaneously activated (Karst et al., 1993, Joëls, 
2001). Interestingly, the chronic absence of corticosterone in rats reduces the voltage 
sag conductance (Beck et al., 1994). The direct effects of glucocorticoids at Ih clearly 
remains to be analyzed in voltage-clamp experiments, and are presently addressed. 
The mainly dendritically located h-channels entail a voltage-gated leak conductance 
and their density and kinetics contributes towards subthreshold excitability of cortical 
pyramidal neurons (Pape, 1996; Vasilyev and Barish, 2002; Poolos et al., 2002). 
Interestingly, a recent modeling study showed that up-regulated h-current has little 
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effect on hippocampal somatic excitability, but rather selectively dampens the 
dendritic excitation (Poolos et al., 2002). Interactions between stress and 
hyperpolarization-activated currents might be important as these channels provide 
counteracting mechanism to hyperexcitability (Chen et al., 2002; Poolos et al., 2002). 
 
Implications for the stability in somatic firing  
Neurons are continuously exposed to varying conditions of neurotransmitter release, 
Ca2+ fluxes, or synaptic connectivity but are able to maintain a relatively constant 
mean firing rate (for review see Turrigiano, 1999). Such homeostasis is achieved by 
regulating the scaling of excitatory and inhibitory input, or by an activity-dependent 
up- or down-regulation of voltage-dependent ion channels (Turrigiano, 1999). The 
present data, in summary, demonstrates that the active membrane properties of the 
CA3 pyramidal neuron soma marginally change after stress. This extends our previous 
studies delineating the temporal and regionally distributed processes by which chronic 
stress acts at the hippocampal structure. Although four weeks of psychosocial stress 
negatively influences the volume, surface area and dendritic processes within the CA3 
stratum radiatum (Magariños et al., 1996; Czéh et al., 2001), within this same field the 
incidence of apoptotic cells reduces and the number of CA3 cells is preserved 
(Vollmann-Honsdorf et al., 1997; Lucassen et al., 2001). Previous studies linking 
steroid-dependent structural changes with functional consequences upon physiological 
membrane properties have not given unequivocal results. For example, the distal 
branch retraction of granule cells after corticosteroid depletion does not affect 
somatically recorded Ca2+ current amplitudes (Wossink et al., 2001), or the large-scale 
dendritic reorganization of oxytocin neurons under varying estradiol levels is not 
accompanied by alterations in their passive membrane properties (Stern and 
Armstrong, 1998). The implication of the present findings is that under the condition 
that synaptic input remains similar, the excitatory output produced by somatic APs is 
conserved. Chronic stress in rats, however, reduces the commissural-associational 
LTP, though not mossy-fiber LTP (Pavlides et al., 2002).  
The precise firing patterns of collaterally connected CA3 pyramidal cells generate 
network bursts, critically involved in LTP (Bains et al., 1999) and implicated in 
specific models of hippocampal-mediated memory formation (Nakazawa et al., 2002). 
The presently demonstrated relative maintenance in intrinsic excitability coincides 
temporally with the remarkable observation of an improvement in spatial learning 
during chronic stress in the tree shrew (Bartolomucci et al., 2002). These studies, 
together with the present data, show that although chronic stress disrupts some 
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Summary 
A long-standing hypothesis is that repetition of stressful experiences is a requirement 
for induction of structural adaptations of the apical dendritic branches of CA3 
pyramidal neurons. In the present study we tested the role of the passage of time in the 
rearrangement of dendrites and changes in the functional aspects of the commissural–
associational (C/A) synapses. Adult male rats were exposed to two social defeats 
followed by three weeks without further treatment. A control group was exposed to 
repetitive social defeats in the course of three weeks. Using somatic whole-cell 
recording of CA3 pyramidal neurons, the kinetics and activity-dependent plasticity of 
C/A excitatory postsynaptic potentials (EPSPs) were recorded and the cells 
intracellularly labeled. The results indicate that double defeat long-lastingly impaired 
the long-term potentiation of C/A synapses, and not differently compared to repeated 
defeat. Morphometric analysis of post-hoc reconstructions demonstrated that CA3 
dendritic processes from repeatedly defeated rats were reduced in surface area and 
length selectively at the apical cone (70% of control, ~280 µm from the soma). 
Surprisingly, also double defeat produced a decrease in apical dendritic length, to 
similar degree (77% of control, 400 µm from the soma), but increased length and 
branch complexity at the basal cone (167% of control). These data indicate that even a 
brief stressor drives a dynamic and bi-directional reorganization of the patterns of 
synaptic connectivity of the CA3 pyramidal neuron: apical dendrites regress over the 
course of weeks, but de novo dendritogenesis occurs in the stratum oriens. We 
conclude that the course of time after stress might contribute as a critical variable in 
stress and stress-related disorders.  
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Introduction 
A single stressful event induces lasting behavioral and physiological changes, 
developing over the course of days, weeks or even months afterwards (van Dijken et 
al., 1992; Buwalda et al., 2001; Martí et al., 2001; Dal-Zotto et al., 2002; for review, 
see Koolhaas et al., 1997 and Antelman et al., 2000). Stress-induced changes, for 
example, might reflect a time-dependent sensitization of the hypothalamic–pituitary–
adrenal (HPA) axis towards novel mild challenges weeks later (Koolhaas et al., 1990; 
van Dijken et al., 1992; Schmidt et al., 2001) or conversely, result in a habituation 
response when animals are re-exposed to the same test stimulus (Martí et al., 2001; 
Dal-Zotto et al., 2002). It has now been shown in many biological systems and species 
that experience-dependent habituation and sensitization responses are supported by 
enduring large-scale modifications of the dendritic architecture of the neurons, 
establishing new connectivity and input–output characteristics of the neural circuit 
(Bailey and Chen, 1983, 1989; Robinson and Kolb, 1997; Wainwright et al., 2002; 
Gray and Weeks, 2003). Therefore, it can be hypothesized that the long-term effects of 
a brief stress experience will be accompanied by morphometric adaptations of key 
structures involved in the regulation of the stress response. 
Being part of the limbic system controlling the stress response (Jacobson and 
Sapolsky, 1991), the hippocampal CA3 pyramidal cells regress in dendritic branch 
length and structure following a continuous hyperactivation of the HPA axis or 
repeated stress experience over the course of three weeks (Magariños and McEwen, 
1995a; Sousa et al., 2000; Vyas et al., 2002; for review see McEwen, 1999). Structural 
changes in the CA3 neurons are traditionally considered to develop as a function of 
stressor repetition (McEwen, 1999), but no study has yet tested animals long after the 
stimulus.  
Here, we addressed the possibility of structural plasticity after a short-lasting 
stressful episode. We investigated male rats that were subjected to a resident-intruder 
paradigm consisting of social defeat on two consecutive days followed by three weeks 
of no further treatment (Buwalda et al., 1999, 2001; Koolhaas et al., 1990). The results 
were compared with those obtained by repetitive social defeat over the course of three 
weeks. Somatic whole-cell recording of CA3 pyramidal cells in acute hippocampal 
slices allowed intracellular labeling and parallel voltage recording of the properties of 
the excitatory postsynaptic potentials of the recurrent commissural–associational (C/A) 
collaterals, which provide the major excitatory input to the CA3 pyramidal neurons 
(Urban et al., 2001). In this way, information was collected concerning the correlations 
between morphological structure and cellular physiology.  
 
Materials and methods 
Animals and housing 
Male Wistar rats (Harlan-Winkelmann, Borchen, Germany) were housed in groups of 
four animals per cage (type V) with food and water ad libitum. Animals were 
acclimatized for two weeks before the start of the experiment and kept under reversed 
light–dark conditions (lights on 21.00–09.00 h) and at a room temperature of 21 ± 1°C. 
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Resident rats (wild-type strain, Haren, University of Groningen, The Netherlands) were 
housed in pairs of one male and one sterilized female in large plastic cages (60 × 40 × 
40 cm = l × w × h) located in a separate room. All manipulations were performed 
during the rats’ active period, between 13.00 h and 15.00 h (during the dark phase), 
under supplementary dim red light (< 1 lux). Animal experiments were conducted in 
accordance with the European Council Directive of November 24, 1986 (86/609/ECC), 
and were approved by the Government of Lower Saxony, Germany. The minimum 
number of animals required to obtain consistent data was used.  
 
Stress procedure 
Social defeat was achieved as described previously (Buwalda et al., 1999). Before the 
start of the social defeat procedure, the female wild-type rat was removed from the 
cage. The experimental male Wistar rat was transferred from its group and introduced 
into the resident’s cage. In typically less than a minute, the animal was attacked by the 
resident, after which it adopted the freezing response and submissive postures. In all 
cases, the intruder animal was defeated by the resident male rat. For the remaining 
hour, the intruder was enclosed in a small wire-mesh compartment (25 × 15 × 8 cm3) 
within the resident’s cage. Thus, the intruder animals were protected from direct 
physical contact, but remained in olfactory, visual, and auditory contact with the 
resident male rat. Afterwards, the intruder animal was housed singly until the 
electrophysiological experiments. Control and defeated animals were housed in the 
same room to rule out differential spatial clues (Lee and Kesner, 2002).  
Two different defeat paradigms were applied (see Fig. 1A–B). One group of rats was 
defeated on two consecutive days and left singly housed for a total of 21 days (double 
defeat, N = 9). Control animals (N = 10) were subjected to similar handling procedures 
and transferred to a novel cage with sawdust bedding for 1 h on two consecutive days. 
In a second series of experiments, rats were exposed to social defeats on every second 
day, for a period of 21 days, equivalent to 11 defeats (repeated defeat, N = 4). Control 
animals (N = 4) were subjected to similar handling procedures and transferred to a 
novel cage with sawdust bedding for 1 h on the experimental days.  
 
 
Fig. 1. Graphical representation of time and treatment 
frequency for the two experimental paradigms. A. 
Double defeat was performed by exposing rats (n = 9) 
to a standard social defeat paradigm (1 h) on two 
consecutive days. After the initial social defeat, 
animals were left isolated and were not handled until 
they were killed on day 22. Control animals (n = 10) 
were handled in the same manner but transferred into 
a similar cage with sawdust only. B The repeated-
defeat paradigm consisted of a protocol in which rats 
(n = 4) were exposed to the social defeat paradigm on 
an intermittent basis, by 48 hrs, for 11 defeats. As in 
the double-defeat protocol, the animals were killed on 
day 22 after the first stress experience and standard 
hippocampal slices were prepared. Control animals (n 
= 4) were handled in the same manner but transferred 
into similar large cages with sawdust. 
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Hippocampal slice preparation  
In the morning of day 22, between 10.00 and 11.00 h, animals were weighed, then 
deeply anesthetized (with a mixture of 50 mg/mL ketamine, 10 mg/mL xylazine, and 
0.1 mg/mL atropine, by intraperitoneal injection), and subsequently transcardially 
perfused with ice-cold carbogenated (95% O2/5% CO2) sucrose-based artificial 
cerebrospinal fluid (ACSF) solution. Sucrose–CSF contained (in mmol/L) 206 sucrose, 
1 MgCl2, 2.5 KCl, 2 MgSO4, 1.25 Na2HPO4, 26 NaHCO3, 14 d-glucose, 1 kynurenic 
acid, 1.5 CaCl2, 1 L(+)-ascorbic acid. This pre-perfusion (i) removes red blood cells 
that interfere with the histological peroxidase reaction and (ii) enhances the viability of 
CA3 neurons (Aghajanian and Rasmussen, 1989; Kapur et al., 1998). The brain was 
rapidly removed and transverse 400-µm hippocampal slices were cut with a vibroslicer 
(Vibracut 2, FTB, Bensheim, Germany). Slices were stored in a carbogenated-ACSF-
containing chamber at 33°C for 1 h and afterwards maintained at room temperature. 
ACSF for slice storing consisted of (in mmol/L) 125 NaCl, 2.5 KCl, 1.25 Na2HPO4, 2 
MgSO4, 26 NaHCO3, 1.5 CaCl2, 1 L(+)-ascorbic acid, 14 d(+)-glucose, at 300 mOsm 
(all chemicals from Merck, Darmstadt, Germany). The adrenal glands were weighed 
immediately after the animals were killed, using an analytical balance. 
 
Patch-clamp recording 
The entorhinal–hippocampal area was dissected from the slice and transferred to a 
submerged type of recording chamber with continuously oxygenated ACSF (flow rate: 
1–2 mL/min). Cell bodies and their proximal segments were visualized by infrared–
differential interference contrast (IR–DIC) video microscopy with an upright 
microscope (Axioskop 2 FS, Zeiss, Göttingen, Germany) equipped with an ×40/0.80 
W objective (Zeiss IR-Acroplan). To reduce any location-dependent variation in 
morphology (Ishizuka et al., 1995), only pyramidal-shaped somata inside the CA3 
stratum pyramidale and located slightly distant from the tip of the hippocampal fissure 
(~CA3b) were used for recording. Post-hoc visualization of labeled neurons verified 
this location. Patch-clamp recording was performed using borosilicate glass pipettes 
with 3–5 MΩ resistance, connected to an Axopatch 200B amplifier (Axon 
Instruments, Union City, CA, USA), and PULSE software (HEKA, Lambrecht, 
Germany). The intracellular patch solution contained (in mM) 120 KMeSO4 (ICN, 
Eschwege, Germany), 20 KCl, 10 HEPES, 0.2 EGTA, 2 Mg2+-ATP, 10 
phosphocreatine, and 0.3 Tris-GTP (Sigma-Aldrich, Steinheim, Germany), adjusted to 
pH 7.3 with KOH and to 290 mOsm. Data were collected by low-pass Bessel filtering 
at 5 kHz and further digitized and stored at 50 kHz using an ITC-16 computer 
interface (Instrutech Corp., Port Washington, NY, USA) and PULSE software (v. 8.11, 
HEKA). In whole-cell current-clamp mode, the ‘fast clamp’ amplifier circuit was used, 
and both bridge voltage and series resistance were continuously monitored and 
corrected when appropriate.  
Tungsten electrodes (0.1 MΩ) were used to electrically stimulate C/A fibers. 
Because the distance between C/A axon stimulation and the cell-body recording site 
determines the rise-time kinetics of the excitatory postsynaptic potential (EPSP) (4.1 
ms at < 200 µm, and 5.6 ms at > 200 µm; Kapur et al., 1998), we standardized the 
placing of the electrode at ~300 µm lateral from the recording site. In current-clamp, 
the cells were held close to –75 mV, approximating the type A α-aminobutyric acid 
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(GABA) reversal potential, and C/A EPSPs were collected at a basal frequency of 0.05 
Hz. EPSPs were isolated by blocking GABAA-mediated activity with 10 µM (-)-
bicuculline methobromide and 50 µM picrotoxin (Tocris, Bristol, UK). To test for 
plasticity, EPSPs were evoked and recorded at a basal frequency of 0.05 Hz for 8 min 
and then shortly potentiated by applying a mild low-frequency paradigm of 3 Hz for 3 
min. All data were collected at 32 ± 2°C.  
 
Labeling of identified neurons  
All neurons were intracellularly labeled (Horikawa and Armstrong, 1988) with 3 
mg/mL Neurobiotin (Vector Laboratories Inc., Wertheim, Germany), added to the 
patch solution, and neurons were reconstructed post-hoc. This approach facilitates 
visualization of the entire dendritic tree, including the fine natural endings proceeding 
into the lacunosum-moleculare (Pyapali et al., 1998). After recording, the patch-
pipettes were carefully withdrawn from the membrane and the slices were fixed in 0.1 
M phosphate buffer (PB) with 4% paraformaldehyde (pH 7.4) and stored at 4°C for 
two days. Whole slices were processed, floating in wells, by first removing 
endogenous peroxidase activity in a 0.1 M PB solution containing 2% H2O2. They 
were subsequently rinsed with an avidin–biotin peroxidase solution (diluted 1:100; 
ABC, Vector Laboratories, Linaris, Wertheim, Germany) with 1% bovine serum 
albumin (Sigma) and 0.3% Triton X-100, and stored for 24 h at 4°C. Slices were 
washed several times in fresh 0.1 M PB and then treated with a PB solution containing 
0.04% 3',3-diaminobenzidine tetrahydrochloride (DAB; Vector Laboratories) and 
0.002% NiH4SO4 for 20 min. This was immediately followed by incubation in a 
second freshly prepared DAB solution with 0.001% H2O2 until dark brown staining 
appeared, in typically less than 10 min. The reaction was terminated by several 
washings in fresh 0.1 M PB and distilled water. Tissue sections were dehydrated in an 
ascending series of ethanol, cleared in xylene, and flat-embedded in Eukitt (Kindler, 
Freiburg, Germany) on glass slides. Slices from stressed and control animals were 
always processed simultaneously.  
 
Neuronal reconstruction and morphometric analysis 
Labeled cells were visualized with light microscopy and evaluated for staining-
quality criteria, which included visibility up to the most distal apical dendrites and 
clear dense labeling of the processes. In a number of cases, cell coupling was observed 
(~3%). These were omitted from the analysis because the dendrites could not be 
assigned unequivocally to a single cell. The IR–DIC patch-clamp technique provides 
an excellent high signal-to-noise ratio for electrophysiological recordings, but restricts 
the collection of neurons to within 100 µm from the slice surface, where some cells are 
defective in anatomical structure, with, for instance, severed main apical or basal 
dendrites. Obviously compromised cells were omitted from the analysis. Complete and 
optimally labeled pyramidal neurons meeting all criteria were photographed and 
quantified for dendritic morphometry using NeuroLucida software (Microbrightfield 
Inc., Colchester, VT, USA) in combination with an automated stage and focus control 
connected to a microscope (Zeiss II RS). The data were collected as line drawings 
consisting of X, Y, and Z coordinates, together with quantitative information on the 
dendritic diameter, by superimposing a circular cursor to the size of the dendrite. 
Bi-directional remodeling after stress 
 49 
Dendritic length and surface measurements were made by tracing dendrites with a ×40 
(N.A. 0.75) objective, with a final magnification of ×40.000 at the monitor. Here, the 
step sizes of the circular cursor were 0.16 µm, sufficiently below the limits of light-
microscopy resolution (~0.25 µm). Numerical analysis and graphical processing of the 
neurons were performed with NeuroExplorer (v. 3.21, Microbrightfield). Sholl plots 
(Sholl, 1953) were constructed by plotting the summed dendritic length as a function 
of distance from the middle of the soma, set at zero, and dendrites summed in each 
subsequent radial bin of 20 µm.  
Ethanol dehydration and xylene clearance causes tissue shrinkage (Pyapali et al., 
1998). To estimate shrinkage in the Z plane, the slice thickness was determined with 
the microscope micrometer, and by carefully monitoring the slice edges. A correction 
factor of 1.35 was applied to each plane, which is within the range of previously 
determined factors (Pyapali et al., 1998). It should be noted that, for the ultimate 
comparison of between-subject effects, the linear shrinkage correction will have no 
direct effect on the outcome or conclusions.The use of uncut 400-µm slices greatly 
facilitates the reconstruction of the complete dendritic structure and length, but did not 
allow us to resolve the anatomical fine structures, such as dendritic spines (see also 
Ishizuka et al., 1995; Henze et al., 1996). Therefore, we made no attempt to 
quantitatively determine spine distribution or density, so the present measurements of 
surface area and volume should be accepted tentatively as estimates. When comparing 
basic numerical data with previously described CA3 morphology (Henze et al., 1996; 
Ishizuka et al., 1995) the total dendritic length was on average only slightly less (9.7 
mm in this study versus ~11 mm).  
 
Data analysis  
Voltage recordings were only included for analysis when showing (i) a membrane 
potential of –55 mV or lower and (ii) a stable series resistance was measured for longer 
than 30 min. In LTP experiments, the data were expressed as the percentage change in 
EPSP amplitude normalized to the average EPSP during the initial baseline period 
(100%). In the cumulative probability plots, all data points between 20 and 30 min 
after LTP establishment were averaged between animals and binned. Monoexponential 
fitting of EPSP decay was performed with PULSE-FIT (HEKA). Preliminary analysis 
of variance (ANOVA) of data collapsed across neurons between control animals that 
were repeatedly handled or handled twice with a three-week delay indicated that 
repeated handling had no effect per se on either body weight or adrenal weight (P > 
0.06), dendritic morphometry (P > 0.1), or EPSP kinetics (P > 0.4), which justifies the 
pooling of these data. Throughout this article, therefore, three groups are used: control, 
doubly defeated, and repeatedly defeated animals. The null hypothesis was explored by 
one-way ANOVA (SPSS v10.0, SPSS Inc., Chicago, IL, USA) followed by least 
significant difference (LSD) post-hoc comparisons. Correlation analysis was 
performed with bivariate Pearson’s correlation test. All significance levels were set to 
P < 0.05. Graphical processing was done with Origin (v. 6.1, Microcal Software, 
Northampton, MA, USA). Data are given as means ± SEM.  
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Results  
Effects of stress on body and adrenal weights  
Stress significantly affected the mean body and adrenal weights (F2, 26 = 3.90, P < 
0.034, and F2, 26 = 12.50, P < 0.001, respectively). The rats subjected to the repeated-
defeat paradigm (Fig. 1B) had a final mean body weight of 88.2 ± 1.8% that of the 
controls (control: 317.5 ± 6.0 g; stress: 280 ± 5.8 g; post-hoc test P < 0.015) and their 
adrenal weights were significantly increased to 131.3 ± 8.4% of the control weight 
(stressed, 11.8 ± 1.5 g/100 g; control, 9.0 ± 0.3 g/100 g; N = 4; P < 0.05). 
When rats were exposed to the double-defeat protocol with a 21-day delay (see Fig. 
1A), there was a similar increase in average adrenal weight (126.8 ± 4.5% of the 
control; P < 0.0001, N = 9) indicating a hyperactivated HPA axis. Body weight, 
however, was less reduced, at 91.5 ± 3.1% of the control value (N = 9, P < 0.10). 
Therefore, the endpoint adrenal-to-body-weight ratio changed to a similar degree after 
the repetitive- and double-defeat exposures, but with a slight additional effect insofar 
as there was a more pronounced reduction in body weight when the exposure to stress 
was repetitive. 
 
Resting CA3 membrane properties and EPSP kinetics 
The resting membrane properties of 59 CA3 pyramidal neurons were determined 
immediately after breakthrough in somatic whole-cell configurations, using current- or 
voltage-clamp recording within the linear range of the I–V curve. Table 1 lists the 
average resting membrane properties for each group. The results show that neither the 
resting membrane potential (VM) nor the input resistance (RN) differed in variance (F2, 
23 = 1.16, P < 0.33, and F2, 23 = 2.16, P < 0.14, respectively). 
Upon stimulation of the C/A fibers and with inhibitory receptor blockers in the bath, 
somatically recorded EPSPs in control animals were quantified to establish their 
kinetics (Fig. 2A–B, Table 1). In control recordings, the C/A EPSP responses, which 
are a composite of N-methyl-D-aspartate (NMDA) and α-amino-3-hydroxy-5-methyl-
4-isoxazole propionate (AMPA) receptor-mediated potentials (Debanne et al., 1998), 
were characterized by 10–90% rise times of, on average, 4.7 ± 0.19 ms (range 3.3–7.0 
ms, n = 36) which is consistent with a C/A origin, and is frequently used as a major 
indicator to distinguish mossy-fiber and C/A input (Kapur et al., 1998). Furthermore, 
the onset latency for the C/A EPSP was on average ~2.6 ms (range 1.9–3.8 ms), in 
agreement with previous data (2.7 ms in Kapur et al., 1998). Using a similar spatial 
stimulus-recording configuration within all hippocampal slices, we compared the 
average rise and decay kinetics of C/A EPSPs between the three groups.  
The results indicate that only exposure to repeated defeat altered the C/A EPSP 
kinetics (Table 1). Here, the latency of the EPSP was reduced by 17% (F2, 23 = 4.78, P 
< 0.019) and paralleled the rise-time kinetics, which were faster (F2, 23 = 3.32, P < 
0.056). Furthermore, across the range of the EPSP responses to varying stimulus 
strength, there was a clear effect on the input–output (IO) relation in the increased 
slope of the EPSPs (Fig. 2A–B; F2, 17 = 4.69 P < 0.03). The repeatedly defeated 
animals had larger IO slope values than those of the control or doubly defeated animals 
(post-hoc test, P < 0.05 and P < 0.001, respectively).  


























Fig. 2. Defeat differentially affects compound commissural–associational EPSPs. A. Examples of a family of 
EPSP responses elicited by varying stimulus intensities (1 µA steps) for each experimental group, from left to 
right; (open circles) control, (closed triangles) double defeat and (gray squares) repeated defeat. B. Plot of the 
input–output curves constructed for the C/A EPSP amplitudes. Repeated defeat significantly increased the slope 
of the linear fit through the data points (repeated defeat, ~3.1 mV µA relative to the control, 1.1 mV µA; F2, 17 = 





Table 1. Resting membrane and CA3 C/A EPSP kinetics of control, doubly and repeatedly defeated 
animals 
 Control Double defeat Repeated defeat P 
N (n) 12 (27) 8 (22) 4 (10)  
Vm (mV) -73.6 ± 1.52 -76.2 ± 2.00 -78.0 ± 3.1 n.s. 
RN (MΩ) 70.6 ± 4.62 79.3 ± 4.85 88.0 ± 7.9 n.s. 
C/A-EPSP 
       
Latency1 (ms) 2.46 ± 0.01  2.64 ± 0.13 2.05 ± 0.24 * §§ 0.019 
10-90% rise time (ms) 4.63 ± 0.26  5.45 ± 0.40  4.04 ± 0.36 § 0.056 
Exponential decay (ms) 34.2 ± 4.07 46.2 ± 8.41 37.3 ± 10.4 n.s. 
I-O slope (mV µA) 1.70 ± 0.26 1.13 ± 0.18 3.23 ± 1.08 ** § 0.026 
 
1Latency was between beginning of the stimulus artifact and onset of the EPSP. P indicates significance of the 
group comparison with one-way ANOVA. The significance levels from LSD post-hoc analysis are indicated 
as follows: *P < 0.05 and ***P < 0.001 from control. §P < 0.05, §§P < 0.01 from double defeat. n.s. = not 
significant. N indicates the number of animals, n number of cells. Data are given as mean ± SEM. 
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Stress effects at commissural–associational LTP  
We tested further the prediction that social defeat would affect the LTP of the C/A 
CA3 synapses. During baseline EPSP, recording amplitudes were elicited from a 
potential of –75 mV and scaled to ~6.5 mV (not different between groups, P > 0.9) to 
obtain similar depolarization levels. As shown in Fig. 3A–C, in control animals, LTP 
was elicited by a low-frequency stimulation of 3 Hz for 3 min, which led to a gradual 
and progressive increase in the EPSP amplitudes, reaching 150% potentiation 20 min 
after frequency stimulation with high probability (Fig. 3B–C).  
In recordings from repeatedly defeated animals, low-frequency potentiation led to a 
reversal of the EPSP amplitude, resembling long-term depression (LTD; 56% 
probability of a 70% EPSP amplitude, Fig. 3B). In slices from doubly defeated animals 
after a 21-day time delay, LTP could not be evoked (98.4 ± 14.6%, n = 7, P < 0.05 
compared with control LTP; Fig 3B–C) and the EPSPs showed a probability 
distribution similar to that of repeatedly defeated rats (Fig. 3C). These data show that 
the repetition of the stressor does not significantly suppress low-frequency LTP more 
















Fig. 3. Long-lasting bimodal regulation of social-defeat stress on tetanic potentiation of the C/A synapse. A. 
Example traces of EPSPs before and after low-frequency stimulation. Left is an example from the control group; 
in the right panel, from the repeated-defeat group. B. Scatter plots show the time development of EPSP 
potentiation, recorded at a frequency of 0.05 Hz. Data were averaged for three successive sweeps. The low-
frequency stimulation of 3.0 Hz (3.5 min) induced a robust LTP-like potentiation at the C/A synapse in control 
animals (open circles) with a mean amplitude change of 153.9 ± 8.8%, n = 12 (see inset). Doubly defeated 
animals, in contrast, showed significant changes in the probability and direction of synaptic potentiation (F2, 22 = 
7.81, P < 0.003). In repeatedly defeated animals (n = 4), a robust LTD-like EPSP depression (63.8 ± 8.9%, P < 
0.05) was observed. Animals exposed to a double-defeat paradigm with 3 weeks of single housing showed a 
mixed response to mild synaptic potentiation with a mean of 98.1 ± 17.2 % (n = 8). C. The bimodal modification 
of synaptic plasticity after defeat was also evident in the cumulative probability. The dotted line summarizes the 
probability of EPSP amplitudes during baseline recording. Within the 20–25 min post-frequency potentiation, 
the cumulative probability for 130% LTP in control animals (open circles) was 40%, but for synaptic depression 
(70% amplitude) was only 1%. For the defeated animals, however, there was a 56% probability of a 70% EPSP 
amplitude in repeatedly defeated animals (gray squares) and 47% in doubly defeated animals (black pyramids).  
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Morphology of CA3 pyramidal neurons 
For 36 of the 79 (47%) CA3 pyramidal cells examined in this study, the morphology 
could be recovered, allowing quantitative analysis of essential aspects of their dendritic 
structures (Fig. 4A–D). All CA3 neurons included in the analysis (the criteria are 
described in Methods) showed dendritic patterns characteristic of CA3b pyramidal 
neurons, as previously described (Ishizuka et al., 1995; Henze et al., 1996). The CA3 
dendritic architecture consists of a low number of side branches, a maximum branch 
order of 6–11, dense thorny excrescences in the stratum lucidum (Fig. 4C), spines (Fig. 
4D), and a low level of sub-branching of dendrites in the lacunosum-moleculare (Fig. 
4B). Dendritic arborization was analyzed for standard numerical parameters. Table 2 
lists the average values for each group. Repeated defeat had a significant effect on CA3 
morphology. There was a great reduction in total volume and surface area (~40% 
reduction; Table 2, Fig. 5), although not in the number of dendritic nodes. The changes 
occurred selectively on the apical side of the dendritic tree, where the dendritic 
branches were reduced in volume, surface area, and length (~30–50% reduction, n = 






Fig. 4. A. Photomicrograph of an intracellularly labeled CA3 pyramidal neuron from a doubly defeated rat. 
Note the highly polarized branch distribution between the apical and basal cones of the cell. B. Line-drawing of 
the same neuron obtained by reconstruction with NeuroLucida and used for morphometric analysis. The arrow 
marks an axon running through the stratum oriens. The relative position of the CA3 pyramidal cell is given by 
lines indicating the various hippocampal layers. DG, dentate gyrus; o, stratum oriens; p, stratum pyramidale; luc, 
stratum lucidum; r, stratum radiatum; m, stratum moleculare; l-m, lacunosum moleculare. C. High-magnification 
photomicrograph of the thorny excrescences (indicated by arrows) of the same neuron. Scale bar indicates 5 µm. 
D. High-magnification photomicrograph of spines (arrows) located on an oblique branch within the stratum 
radiatum. Scale bar indicates 4 µm. 




Fig. 5. Brief and repetitive defeat affect the CA3 neuronal dendrite structures. Shown are representative 
Neurolucida reconstructions of CA3 pyramidal neurons for the control, the doubly defeated, and the repeatedly 
defeated rats. Note the reduction in dendritic length on the apical side in both groups exposed to defeat (P < 
0.05), but the selective sprouting of basal branches in the neurons of doubly defeated rats (P < 0.005). For 
further numerical details, see Table 2. 
 
The length of the apical dendrites was also reduced in the neurons of animals 
exposed to a double defeat, with a magnitude similar to that observed after repeated 
stress (–23%, P < 0.05; Fig 5 and Table 2). Surprisingly, in contrast to the apical tree, 
the branches from the basal dendrites were increased in all aspects, including length, 
volume, and nodes (65–95% increase; LSD post-hoc test, P < 0.05 for all; see Table 
2). Moreover, branch complexity, evaluated by the highest branch order, was 
significantly increased (P < 0.05). In addition, we also detected an increase in apical 
trunk diameter (Table 2). Importantly, despite the marked opposite changes in 
dendritic elements between the different cones, the summed dendritic length, surface 
area, and volume were conserved relative to control values (Table 2). To evaluate the 
detailed distribution of dendritic processes across the various sublayers of the CA3 
region, we created Sholl plots (Sholl, 1953) in which summed dendritic length is 
expressed as a function of distance from the soma in radial bins of 20 µm (Fig. 6A–B). 
It appeared that the reduction of dendritic elements after repeated defeat was restricted 
to the middle part of the apical tree, between ~280 and 340 µm from the soma (Fig. 
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6A). Double defeat followed by single housing led to a branch-length decrease that 
occurred more distal from the apical tree, 400–600 µm from the middle of the soma. 
Basal dendrites were increased in length between 80–160 µm (Fig. 6B). Similar 
conclusions were made when comparing the density of dendritic intersections as a 
function of radial distance (data not shown). To yield an estimation of the absolute 
modification change induced by stress, we subtracted within each ring the mean length 
data from the treated and control animals. The differences were pooled to identify 
changes with a negative sign (putative retractions) and a positive sign (additions) and 
the sum of these is plotted in Fig. 6C. The data show that, with repeated stress, there 
was a clear net loss of branches, whereas three weeks after double defeat, the 




Table 2. Morphometric data of CA3 pyramidal neuron dendrites of control, doubly and repeatedly 
defeated animals 
 Control Double defeat Repeated defeat P 
n 16 12 8  
Soma perimeter (µm) 97.4 ± 8.85 91.8 ± 7.46 78.0 ± 6.13 n.s. 
Soma surface (µm2) 216 ± 11.2 264 ± 20.4 236 ± 11.1 n.s. 
Total tree        
length (mm) 9.69 ± 0.45 9.44 ± 0.76 7.68 ± 0.38  n.s. 
surface (mm2) 25.9 ± 1.90 26.8 ± 2.62 17.6 ± 1.51 * § 0.03 
volume (mm3) 8.61 ± 0.96 9.19 ± 0.10 5.12 ± 0.73 * § 0.04 
Apical dendrites        
Trunk diameter (µm) 3.83 ± 0.21 4.43 ± 0.18 * 3.49 ± 0.27 0.04 
length (mm) 7.47 ± 0.50 5.73 ± 0.72 * 5.13 ± 0.72 * 0.03 
surface (mm2) 21.2 ± 1.85 17.7 ± 2.23 12.6 ± 1.72 *  0.03 
volume (mm3) 7.26 ± 0.83 6.72 ± 0.90 3.94 ± 0.52 * § 0.04 
nodes (#) 25.1 ± 1.80 21.4 ± 3.43 19.8 ± 2.75 n.s. 
endings (#) 27.1 ± 1.80 23.5 ± 3.84 21.3 ± 2.66 n.s. 
max. branch order 8.88 ± 0.47 8.67 ± 0.67 8.63 ± 0.71 n.s. 
Basal dendritres        
length (mm) 2.21 ± 0.28 3.71 ± 0.36 * 2.56 ± 0.31  0.005 
surface (mm2) 4.70 ± 0.61 9.05 ± 1.04 ***  4.94 ± 0.84 §§ 0.001 
volume (mm3) 1.35 ± 0.21 2.47 ± 0.33 ** 1.26 ± 0.25 §§ 0.006 
 nodes (#) 10.8 ± 1.50 19.0 ± 2.01 ** 12.8 ± 1.10 § 0.003 
 endings (#) 13.8 ± 1.58 22.8 ± 2.22 ** 16.6 ± 1.36 § 0.003 
max. branch order 5.27 ± 0.36 6.33 ± 0.26 * 4.63 ± 0.32 § 0.009 
 
The numerical average (mean ± SEM) of the morphometric parameters of cells from different experimental 
groups. n indicates the number of cells. P designates the significance level of one-way ANOVA, which was 
followed by LSD post-hoc analysis. The significance levels are denoted by *P < 0.05, **P < 0.01, and ***P < 
0.001 relative to controls and §P < 0.05, §§P < 0.01 relative to doubly defeated rats. n.s. = not significant. 
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Fig. 6. Sholl analysis was used to evaluate the distance-dependent distribution of the apical and basilar 
dendrites. Dendritic length was summed in radii at 20 µm distance, with the middle of the soma set at zero. 
Apical dendrites are plotted to the right and basilar dendrites to the left as a function of distance from the soma 
center.  A. Comparing control with repeatedly defeated animals shows that there is a reduction in dendritic 
length in the stratum radiatum for the rings 280, 300 and 380–440 µm from the soma (unpaired t-tests: P < 0.05). 
No changes occurred in the basal dendrites. B. Neurons from doubly defeated rats had shorter dendritic length 
within 400, 540, 560, and 600 µm from the soma (unpaired t-tests: P < 0.05). Marked differences were detected 
in the increased length of basal dendrites in the stratum oriens at the rings between 80 and 160 µm distance 
(unpaired t-tests: P < 0.01). Asterisks indicate significant difference (P < 0.05) within each ring of 20 µm. C. 
The plot summarizes the sum of differences between stressed and control rats, by dendritic subtraction within 
each ring from the Sholl analysis shown in a) and b). The sign of change was used to calculate the total amount 




Morphological correlates of physiological parameters 
Because the rise and decay kinetics of remote synaptic events depend on dendritic 
structure and electronic filtering (Henze et al., 1996; Golding et al., 2001; Vetter et al., 
2001; reviewed in Spruston et al., 1999), we explored whole-cell patch-clamp data 
from neurons that were morphologically reconstructed to test whether the defeat-
induced dendritic changes are involved in shaping the kinetics of the C/A EPSPs. 
Linear association analysis showed that the apical surface and length correlated 
negatively with the value of the resting input resistance (RN) (r = –048, P < 0.01, n = 
32). A scatter plot is provided in Fig. 7A. As expected, the RN was also associated with 
the duration of EPSP decay kinetics (r = 0.43, P < 0.01, n = 32; data not shown). The 
latency of onset of the C/A EPSP was weak, but correlated significantly with the 
geometrical structure of the apical tree, in that a greater number of nodes or greater 
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apical length resulted in a longer latency time (r = 0.45, P < 0.006, and r = 0.33, P < 
0.05, respectively; n = 37; Fig. 7B). This partly corresponds to the difference in 
physiology of the three groups: although the apical nodes were not significantly 
reduced in the repeatedly defeated animals, CA3 neurons from this group did have 
significantly less apical surface (Table 2) and also a smaller latency of EPSP (Tab. 1). 
Aspects of the basal dendrites did not correlate with any evaluated property. 
 
 
Fig. 7. Linear correlation analysis of morphological data compared with physiological properties. A. The data 
points represent the measurements across all three groups. Resting membrane input resistance is correlated with 
the summed length of apical dendrites (n = 37). r indicates the Pearson’s Rho correlation coefficient. B. 
Geometrical structure, as the number of apical nodes, shapes the latency of commissural–associational EPSPs (n 
= 37). r indicates the Pearson’s Rho correlation coefficient. 
 
Discussion 
We examined the structural and functional properties of the CA3 pyramidal neurons 
of rats exposed to two distinct social defeat paradigms. CA3 cells from doubly 
defeated animals were significantly different in their increased complexity and the size 
of their CA3 basal dendrites, but were similar to the CA3 cells of repetitively defeated 
rats in the regression of their dendrites at the apical cone. These data demonstrate that 
CA3 pyramidal neuron dendrites and C/A synaptic potentiation are not exclusively 
regulated by the repetition of a stressor. Aspects of this plasticity are established even 
after a short episode of stress, probably developing dynamically with time.  
 
Repeated stress induces regression only and facilitation in the C/A glutamate-receptor 
potentials  
We firstly demonstrated that in our model the repetition of a psychosocial stressor led 
to a net branch regression specific to the apical tree, without affecting basal dendrites 
(Fig. 5). This experience-dependent change in the neuron structure is in line with 
previous chronic stress paradigms (Magariños and McEwen, 1995a; McEwen, 1999; 
Sousa et al., 2000; Vyas et al., 2002). We markedly extended these observations by 
showing that a reduction in the size and structure of the CA3 apical tree (in length and 
number of nodes) was involved in (i) an increased somatic resting input resistance, and 
(ii) shortened latency of the evoked C/A EPSP (Fig. 6). Such relation is also predicted 
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from compartmental modeling studies that isolated the biophysical effects of apical 
dendritic morphological changes (Krichmar et al., 2002; Vetter et al., 2001; Golding et 
al, 2001). In the present study we show that whereas the geometry-related effects on 
membrane input resistance was not apparent in the variance between groups, the 
predicted shortening of the onset latency of compound C/A EPSPs was indeed 
observed after repeated defeat (Table 1). This provides empirical evidence of how 
stress-induced geometrical changes affects excitatory signaling: the net reduction in the 
length of dendrites after repeated defeat leads to a facilitation of excitatory 
transmission at the recurrent synapses (Fig. 2). EPSP amplitude changes, however, 
were not related to structure, but might be related to the chronic stress-increased 
NMDA conductance (Kole et al., 2002).  
The activity-dependent increase of synaptic strength was markedly blocked by 
repetitive social defeats, observed as a shift from LTP towards LTD (Fig. 3). The 
applied low-frequency 3-Hz tetanization of C/A synapses in control animals positively 
regulated the synaptic strength of the glutamatergic EPSPs, instead of inducing LTD 
(Chattarji et al., 1989; Debanne et al., 1998). This might have been caused by the fact 
that under current-clamp conditions the application of blockers for GABAA-mediated 
receptor currents facilitates frequency-dependent disinhibition, by a reduction of the 
driving force of chloride and the presynaptic inhibition of GABA release by GABAB 
receptor activation (Wigström and Gustafsson, 1983; Hsu et al., 1999; Kuenzi et al., 
2000). Second, the isolation housing of control animals might have additionally 
contributed to a reduced threshold for LTP induction (Kehoe and Bronzino, 1999). 
Independent of the exact source of the low-frequency LTP, we recently observed that 
100-Hz-induced LTP is also blocked three weeks after double defeat (M. Kole, 
unpublished observations). Furthermore, the observed shift from LTP to LTD induced 
by defeat stress is common in that both acute and chronic stressful experiences 
suppress LTP or facilitate hippocampal LTD (Xu et al., 1997; Pavlides et al., 2002; 
von Frijtag et al., 2001; Alfarez et al., 2002; for review see Kim and Diamond, 2002).  
 
Brief stress results in bi-directional morphological dendritic changes with homeostasis 
in structure and input 
Three weeks after a double defeat, a complex shift in the branching pattern of the 
CA3 pyramidal neurons was detected. The patterns were similar to repeated defeat in 
the dendritic regression at the apical dendrites, and in the impairment of low-frequency 
LTP at C/A afferents at CA3 cells (Fig. 3).  
Numerical and Sholl analyses confirmed, however, that specific to the double defeat, 
more dendritic branches were detected at the basal cone. This suggest de novo dendrite 
development within the stratum oriens of the CA3. Importantly, despite the obvious 
profound structural redistribution, the total surface area and dendritic length were 
maintained at control level (Fig. 5, Table 2). Also the amplitude and kinetics of EPSPs 
where not different compared to control. Although this suggests a homeostatic 
maintenance of the total available postsynaptic area, more detailed investigations 
including spine measurements are required to confirm this. Presently, we do not know 
the extent to which the excitatory synaptic input that derives directly from synapses of 
the basal dendrites is changed. The basal segments receive synaptic input from the 
fimbria and lateral septum (Amaral and de Witter, 1990; Li et al., 1994) and act 
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physiologically independent of the apical excitatory input (Bradler and Barrionuevo, 
1989).  
The finding that even brief stress, and not necessarily its recurrence, induces large-
scale dendritic rearrangements has significant implications. These include the question 
of its persistence, the mechanism of its regulation, and its possible functional role. Our 
data support the formulation that the repetition of stress temporary suppresses the 
addition of new branches, and consistent with previous evidence, show that the growth 
of dendrites is facilitated after stress (see also Vyas et al., 2002). In our paradigm, 
however, such de novo branches were confined to the basal cone and we did not 
observe structural normalization, not even three weeks after the alleviation of stress, 
suggesting a rather permanently modified circuit. Although the plasticity of the CA3 
dendrites is reported to occur within hours under conditions of torpor (Popov et al., 
1992), their modification by stress requires at least two weeks (McEwen, 1999). 
Conversely, the re-establishment of normal branch lengths also requires a 10-day 
recovery period after the termination of the stress (Conrad et al., 1999; Sousa et al., 
2000). 
 
A role in corticosteroid feedback? 
It is generally thought that repeated stress-induced dendritic regression is under the 
synergistic control of prolonged endogenously elevated corticosteroids and glutamate 
(Magariños and McEwen, 1995b; McEwen, 1999). Previous studies have shown that a 
social-defeat episode increases free corticosterone during the first 5 h only, after which 
normal levels are maintained for at least three weeks, both during the peak and through 
the diurnal cycle (Buwalda et al., 1999, 2001). Therefore, it is difficult to reconcile the 
bi-directional structural changes with a basal hyperactivation of the HPA axis. Despite 
preservation of resting corticosterone levels there is cumulative evidence that, 
corticosteroid-feedback regulation is altered over time after a single episode of stress 
(van Dijken et al., 1993; Buwalda et al., 1999; Liberzon et al., 1999). Three weeks 
after the application of a single stressor, adrenocorticotropic hormone (ACTH) release 
is hypersensitive to corticosteroid-releasing-factor (CRF) activation (Buwalda et al., 
1999), as well as to novel stressors (van Dijken et al., 1993), whereas enhanced 
corticosteroid feedback has been demonstrated with exposure to a homotypical stressor 
(Martí et al., 2001; Dal-Zotto et al., 2002). A role for the hippocampus within an 
adaptation of the HPA feedback is supported by the reduced binding and expression of 
mineralocorticoid receptors three weeks, but not one week, after a single episode of 
stress (Buwalda et al., 1999, 2001; Liberzon et al., 1999). Therefore, the 
rearrangements of the CA3 dendrites demonstrated here correlate temporally with a 
different tuning of the HPA axis, but do not necessarily follow from a hyperactivated 
basal increase.  
The extent to which the altered dendritic patterns contribute to feedback regulation 
remains to be determined, but the dense excitatory CA3 network is in a strategic 
position. Activity of the CA3 subfield is implicated in HPA-axis regulation, through 
putative trans-synaptic inhibitory connections with paraventricular-nucleus (PVN) 
neurons (Jacobson and Sapolsky, 1991; Roozendaal et al., 2001). Furthermore, the 
CA3 recurrent synapses have the ability to recall neuronal representations of single 
events largely independently of external input, and their NMDA-receptors support the 
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reorganization required for novel cognitive demands (Lee and Kesner, 2002; 
Nakazawa et al., 2003). Because we did not observe normalization of the postsynaptic 
dendritic segments long after defeat, it is tempting to assume that the CA3 subfield 
retains information concerning the stress experience, and functions as a neural 
component through which future adrenocortical feedback responses might be inhibited 
or disinhibited (Martí et al., 2001).  
 
Conclusions 
We conclude from our data, taken together, that the passage of time is critically 
involved in the long-term adaptations in form and function of the CA3 pyramidal 
neurons after stress. This provides evidence and a neuroanatomical basis for the 
progressive and time-dependent nature of the dynamic changes in neural systems 
induced by stress after the actual experience (Koolhaas et al., 1997; Antelman et al., 
2000; Dal-Zotto et al., 2002). The features of neuronal changes that persist long after 
the stress is alleviated might contribute to our understanding of the development of 
stress-related disorders that are typically characterized by a delay in onset, such as 
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Summary 
Experiences of stress are known to disrupt rapidly the long-term potentiation (LTP) 
at excitatory synapses in the hippocampus. To understand which synaptic mechanisms 
are long-lastingly altered we employed somatic whole-cell recording of the evoked α–
amino-3-hydroxy-5-methyl-4-isoxazole propionate receptor (AMPA-R) responses in 
hippocampal slices of rats exposed to social defeat on two consecutive days followed 
by three weeks of post-stress delay. We demonstrate that in stressed rats the recurrent 
CA3 synapses are enhanced in baseline transmission. However, activity-dependent 
regulation of the AMPA-R currents was selectively impaired in LTP induction (98 ± 
8%) together with a normal expression of long-term depression (LTD) and intact de-
de-potentiation. Control animals showed larger responses in synaptic strength upon 
LTP tetanization. Consistent with the physiological characteristic of the CA3 recurrent 
network, stress impaired the LTP-induced transition from unitary excitatory-
postsynaptic currents (EPSCs) to AMPA-R mediated network bursting. We aimed to 
test the role of Ca2+-calmodulin-dependent kinase II (CaMKII) mediated 
phosphorylation to establish LTP by functionally activating the enzyme using 
intracellular postsynaptic perfusion of Ca2+-calmodulin (Ca2+-CaM) and monitoring 
EPSCs. In control animals the treatment with Ca2+-CaM (4:1) resulted in a 
progressive, kinase-dependent up-regulation of EPSC peak amplitudes (~190% from 
baseline). In slices from stressed animals, however, Ca2+-CaM treatment was 
significantly less effective (90%). We conclude that a brief stress episode induces 
long-lasting modifications in activity-dependent adjustments of synaptic strength by 
selectively disrupting LTP processes. This might be regulated by a decreased Ca2+-
CaM sensitivity of AMPA receptors or differences in the CaMKII signaling in general. 
These data suggest an essential role for postsynaptic kinases in regulating the 
excitatory network activity in the CA3 area even long after a time-limited stressful 
episode. 
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Introduction  
Synaptic long-term potentiation (LTP) and long-term depression (LTD) are thought 
to be crucial mechanisms for the information storage in the hippocampus (Bliss and 
Lømo, 1973; Martin et al., 2000). Particularly well documented is that short or long 
episodes of stress disrupt LTP at excitatory synapses of CA3-CA1 Schaffer-collaterals 
(SC) (Foy et al., 1989; Garcia et al., 1997; Xu et al., 1997; Baker and Kim, 2002; 
Alfarez et al., 2003) which is implicated in the diminished learning capacity in spatial 
memory tasks (reviewed by Kim and Diamond, 2002). Far less understood, however, 
is which particular molecular mechanisms are involved in the stress-LTP interactions. 
Identified signaling factors include: activation of the glucocorticoid receptor (GR) (Xu 
et al., 1998; Alfarez et al., 2003), increased cytokine leukine-1β concentrations 
(Murray and Lynch, 1998), N-methyl-D-aspartate (NMDA) receptor activation (Xu et 
al., 1997; Kamphuis et al., 2003), or alterations in corticotropin-releasing factor (Blank 
et al., 2003). These factors, however, still provide little information how downstream 
at the glutamate receptor complex specifically the LTP activity-dependent mechanisms 
are corrupted.  
Very recent hypotheses on stress-induced suppression of LTP implicate a critical role 
for the multifunctional enzyme Ca2+-calmodulin-dependent kinase II (CaMKII) 
(Gerges et al., 2003). The α-subunit of CaMKII is highly distributed in cell bodies and 
dendrites of hippocampal pyramidal neurons and constitutes the main protein of the 
postsynaptic density. The enzyme is involved in essential processes such as release 
probability or intracellular protein regulation (Lisman et al., 2002; Hinds et al., 2003). 
Very recent studies showed that CaMKII protein levels are decreased in the CA1 area 
following four weeks of chronic psychosocial stress (Gerges et al., 2003) and that 
acute immobilization reduces the amount of autophosphorylated Ca2+/calmodulin-
dependent protein kinase II (Blank et al., 2003). 
Here, we aimed to investigate functional properties of the excitatory signaling of the 
commissural-associational (C/A) synapses three weeks after a brief stress, which leads 
to a complete abolishment of LTP (Kole et al., submitted). We postulated a role of a 
deficiency in CaMKII activation in establishing LTP at the CA3 recurrent synapses. 
Particularly the α–amino-3-hydroxy-5-methyl-4-isoxazole propionate (AMPA) ion 
channels contain cytosolic intracellular phosphorylation sites that consensus undergo 
activation and deactivation according to rapid turnover of available CaMKII and 
phosphatase levels, that enhances AMPA channel conductance (Yakel et al., 1995; Lee 
et al., 2000). We tested the functional activation of CaMKII by use of physiological 
whole-cell perfusion of Ca2+-calmodulin (Wang and Kelly, 1995). 
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Materials and Methods 
Animals and animal experiments  
Male Wistar rats (Harlan-Winkelmann, Borchen, Germany) were housed in pairs 
with food and water ad libitum. Animals were offered acclimatization for two weeks 
before onset of the experiment and kept under reversed light/dark conditions (lights on 
2100-0900 h), room temperature of 21 ± 1°C. Resident rats (wild-type strain, Haren, 
University of Groningen, The Netherlands) were housed in pairs of one male and one 
sterilized female in large cages in a separate room. All manipulations were performed 
during the active period of the rats between 13.00 and 15.00 (during the dark phase) 
under additional dim red light (< 1 Lux). Animal experiments were conducted in 
accordance with the European Council Directive of November 24, 1986 (86/609/ECC) 
and approved by the Government of Lower Saxony, Germany. The minimum number 
of animals required to obtain consistent data was employed.  
Stress procedure 
Wistar rats (n = 15) were exposed to a psychosocial type of stress (social defeat), 
using a modified resident–intruder paradigm as described previously (Buwalda et al., 
1999; 2001). In brief, the female wild-type rat was removed from the cage and the 
experimental male rat (Wistar) introduced into the resident’s cage. In typically less 
than a minute, the resident male wild-type rat attacked the Wistar, followed by 
submissive behaviors of the Wistar intruder. For the remaining hour, the intruder was 
enclosed in a small wire-mesh within the resident’s cage. As such, animals were 
protected from direct physical contact but remained in olfactory, visual and auditory 
contact with the resident male rat. Afterwards the intruder animal was housed singly, 
for 21 days until the electrophysiological experiments. Control Wistar animals (n = 13) 
were exposed for the same duration (1 h) to an open field and subsequently housed 
singly. Control and stressed animals were housed in the same room excluding non-
specific environmental effects on CA3 cells (Lee and Kesner, 2002).  
Slice preparation  
At the 22nd day, 2 hr after lights-off (1100 h) animals were weighed, deeply 
anesthetized (mixture of 50 ketamine, 10 xylazine and 0.1 atropine mg/mL, i.p. 
injection) and tail blood collected in EDTA-containing tubes. Subsequently, animals 
were transcardially perfused with an ice-cold carbogenated (95% O2/5% CO2) sucrose-
based artificial-cerebrospinal fluid (ACSF) solution (Aghajanian and Rasmussen, 
1989) for 2 min followed by decapitation. Sucrose-ACSF contained (in mmol/L) 206 
Sucrose, 1 MgCl2, 2.5 KCl, 2 MgSO4, 1.25 Na2H2PO4, 26 NaHCO3, 14 d-Glucose, 1 
Kynurenic acid, 1.5 CaCl2, 1 L (+)-Ascorbic acid. The brain was rapidly removed and 
transverse 400 µm hippocampal slices were cut with a vibroslicer (Vibracut 2, FTB, 
Bensheim, Germany) in the sucrose-ACSF. Slices were stored in normal containing 
chamber at 33°C, for 1 h and afterwards stored at room temperature. ACSF for slice 
storing consisted of 125 NaCl, 2.5 KCl, 1.25 Na2HPO4, 2 MgSO4, 26 NaHCO3, 1.5 
CaCl2, 1 L(+)-Ascorbic acid, 14 D(+)-Glucose, ~300 mOsm. (all chemicals from 
Merck, Darmstadt, Germany). Adrenals were removed and weighed with an analytical 
balance. 
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Corticosteroid assay 
The EDTA-blood (serum) was analyzed for the unbound corticosterone with a 
corticosterone RIA kit protocol (Diagnostic System Laboratories Inc., Webster, TX, 
USA) as recommended by the manufacture. 
Patch-clamp recording 
Pyramidal shaped somata within CA3b were recorded using patch-clamp pipettes 
with 3-5 MΩ resistance and an intracellular patch solution composed of (in mmol/L) 
130 KMeSO4, 20 KCl, 10 HEPES, 0.2 EGTA, 2 ATP-Mg2, 0.3 Tris-GTP, 10 
posphocreatine set at 280 mOsm and pH 7.2 with KOH. Somatic whole-cell recordings 
in either current- and voltage-clamp configuration were performed with an Axopatch 
200B amplifier (Axon Instruments, Foster City, CA, USA), data collected by and ITC-
16 and PULSE software (v. 8.54, HEKA, Lambrecht, Germany). Immediate after 
whole-cell configuration the initial access resistance measured typically 10 MΩ and 
was during the course of recording not allowed to exceed 16 MΩ. Therefore, the 
bridge voltage (current-clamp) or series resistance (voltage-clamp) were continuously 
monitored by applying small negative steps of -100 pA 150 ms preceding the EPSP or 
-10 mV, 50 ms preceding the EPSC (see Fig. 2). Tungsten electrodes (0.1 MΩ) were 
used to stimulate the C/A fibers in stratum radiatum 200 - 300 µm from stratum 
pyramidale, 100 µm lateral to prevent direct triggering of the cell. Basal stimulation 
and recording frequency was always 0.05 Hz. In LTP experiments evoked AMPA-R 
EPSCs were recorded at basal frequency for 8 min or longer and then responses 
potentiated by applying a mild low-frequency paradigm of 3 Hz for 3 min. All data 
were collected at 32 ± 2°C.  
For LTP induction α-aminobutyric acid (GABA)A mediated activity was suppressed 
by bath application of 10 µM (-)-bicuculline methobromide and 50 µM Picrotoxin 
(Tocris, Bristol, UK). Extracellular Ca2+ was elevated to 2.5 mM. LTP was induced in 
current-clamp mode using 100 pulses at 100 Hz, 3 trains at 0.05 HZ, delivered at C/A-
CA3 synaptic pathways. In addition a 200-400 pA depolarization pulse of 1 sec 
assured comparable number of spikes (control: 9.7 ± 0.5, stress: 11.2 ± 1.2, P > 0.8). 
Recordings were afterwards continued in voltage-clamp configuration. The first 
population of EPSCs, before tetanization, were defined as baseline (100%) and the 
following successive EPSC amplitudes normalized to this baseline period.  
To perfuse the cell, patch pipettes (3-5 MΩ) were loaded with Ca2+ and calmodulin 
(Sigma-Aldrich, Steinheim, Germany) according to established protocols (Wang and 
Kelly, 1995, 2001). The stock solution was prepared with distilled water (100 times 
the final concentration) and diluted with the standard pipette solution before use. Ca2+ 
-CaM consisted of Ca2+and CaM at a molar ratio of 4:1 (Wang and Kelly, 1995, 2001). 
Whole-cell perfusion was performed by filling the tip with the patch solution alone, 
and then back-fill the pipette with the Ca2+ CaM –containing solution. The pipette 
solution contained the standard pipette solution but without phosphocreatine to rule 
out non-specific phosphorylation actions. The first population of EPSCs (0-2 min) was 
defined as baseline of 100%. While the EPSCs with this internal solution alone 
exhibited a run-down of the amplitudes (~15% in 30 min) the amplitudes were 
corrected for the time-dependent shift in amplitude reduction using a linear correction 
factor. The highly specific CaMKII blocker KN-93 (Sigma-Aldrich, Steinheim, 
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Germany) was applied at 10 µM in the bath solution, 15 min before start of the 
recording. 
Data analysis  
Data were explored by One-way ANOVA or paired/unpaired student’s t-test with the 
SPSS software (SPSS Inc., Chicago, Illinois). Significance level was set to P < 0.05. 
Graphical processing done with Origin v6.1 (Microcal Software, Northampton, USA). 
Data in the tables and graphs represent means ± SEM  
 
Results 
Long-lasting effects of stress on adrenocortical system 
Male rats subjected to stress possessed significantly increased adrenal to body weight 
ratio (stress: 13.5 ± 0.4, n = 16, vs. control: 10.5 ± 0.5, n = 12, F1, 26 = 23.50, P < 
0.001). However, both absolute body weight and the body weight change during the 
experimental period were not affected (P > 0.5). The serum corticosterone levels, 
sampled at 2 h after onset of the dark phase, i.e. shortly after the rising phase of the 
diurnal corticosterone peak were on average slightly lower (control 225.0 ± 31 ng/mL, 
n = 13, vs. stress: 175.5 ± 29 ng/mL, n = 13) but did not reach significant difference 
(F1, 24 = 1.34, P < 0.26). Therefore, and in accordance to previous studies the social 
defeat experience three weeks earlier mildly but persistently affect HPA-axis activity 
(Buwalda et al., 1999).  
 
Stress affects baseline excitatory synaptic transmission  
Somatic whole-cell recordings were obtained from a total of 84 CA3 pyramidal cells. 
There were no differences in input resistance RN (stress: 87.0 ± 4.6 MΩ, n = 42, 
control: 92.9 ± 3.6, n = 35). The glutamate-receptor mediated synaptic transmission 
was examined at the C/A synapses by evoking composite EPSCs at ~300 µm from the 
soma in the stratum radiatum (Fig 1. in Chapter 5). As reported previously (Kole et al., 
2002) EPSCs could be completely blocked by CNQX (20 µM 97.3 ± 0.03 %, n = 17) 
indicating ample specificity for AMPA-receptor mediated currents. Upon inspection of 
the EPSC onset latency we observed that stress decreased the duration by ~100 µs 
(1.40 ± 0.06, n = 41 ms vs. control: 1.53 ± 0.04 ms, n = 35, P < 0.05). In the same line 
of a facilitated EPSC onset, also the input-output curve of the dual-component EPSCs 
showed a significant facilitation in the slope (Fig 1A-B). No difference was found in 
EPSC decay time (~12 ms for both groups, not shown).  
 




Fig. 1. AMPA-receptor mediated synaptic transmission long-term after stress. A. Stress increased the evoked 
stimulus-dependent EPSCs. Amplitudes were significant increased at stimulus intensities of 8 and 10 µA (P < 
0.01). The slope of the linear part of the curve showed co-efficient of 164.5 ± 7.4, n = 9 and in control 66.0 ± 
4.6, n = 6 (P < 0.01). B. Examples of the AMPA currents elicited from -80 mV at various stimulus intensities. 
Currents could be fully blocked by the AMPA-R antagonist CNQX (20 µM). Data are shown as mean ± SEM. 
 
Stress selective impairs LTP 
After adjustment of the EPSC response to peak amplitudes of ~250 pA, long-lasting 
recordings were performed (80 min) to monitor activity-dependent plasticity in a 
sequel of three phases. First, high frequency tetanus (100 Hz) was applied in current-
clamp mode to induce LTP. Switching back in voltage-clamp we observed that in 
some cells the EPSC developed into an oscillation pattern (Fig. 2A-C). Such a 
recruitment of multiple synapses is consistent with previous reports (Bains et al., 1999, 
Staley et al., 2000). Consistent with the inability to induce LTP in stress, no oscillation 
was observed in slices from stressed animals. In control cells without oscillatory 
bursting the onset the peak EPSC amplitudes at 20-30 min interval reached 150% 
increase (see Fig. 3A-C). No increase was detected in slices from stressed animals. 
There were no changes in the decay kinetics.  
After 30 min we applied LTD using 15 min 1 Hz stimulation. Both in control 
recordings and those from stressed animals the EPSCs significantly decreased in peak 
amplitudes. In slices from stressed animals the LTD induction reduced EPSC 
amplitudes compared to baseline to 70% of EPSC peak amplitudes. To evaluate 
whether the previous activity might influence the possibility to establish LTP we tested 
after LTD establishment whether synapses could be ‘de-de-potentiated’ (Lee et al., 
2000). In control animals this produced a remarkable increase in EPSC amplitude of 
190% (P < 0.001) and also EPSC amplitudes from stressed animals responded by 
increasing the EPSCs towards their baseline amplitudes. This shows that only the 
initial early LTP is disrupted long after stress. 
 
 




Fig. 2. LTP-induction at C/A synapses is followed by an oscillatory pattern of two distinct firing modes. A. 
After a 100-Hz tetanus at the C/A axons, the compund EPSCs grew steadily and finally resulted in an oscillation 
(4/15 cells). These were characterized by mono-synaptic currents alternated with large unclamped inward 
currents, existing of multiple summating EPSCs (arrows). B. During such recurrent polysynaptic burst response, 
action potentials were summed on a large envelope EPSP. C. Polysynaptic bursts are observed in an oscillatory 
pattern, within the delta frequency bandwidth (0.3 ± 0.02 Hz, n = 4).  




Fig. 3. LTP developed time-dependently at CA3 C/A synapses from control animals to 158 ± 12 % (n = 12, P < 
0.001, paired-sample t-test). No upregulation was detected in slices from stressed animals (EPSC 97.5 ± 7.8 %, P 
> 0.71, n = 8). Note the slow development of LTP, which is a characteristic of the recurrent pathway. A 15 min 
during 1 Hz LTD protocol reduced EPSC in control animals to 123 ± 17%, at 40-50 min interval, not different 
from baseline P > 0.46, n = 4). LTD led to 73.1 ± 12 % synaptic depression in stressed animals (n = 5, paired t-
test: P < 0.05). The second LTP in control animals induced amplitudes of 193.8 ± 5.8 % (n = 4, P < 0.002). In 
the stressed group the second LTP led to EPSC returning to baseline amplitudes of 105 ± 30%, P > 0.9, n = 4). 
B. Cumulative probability plots of the first LTP phase shows that the impairment of LTP induction in stressed 
animals is distributed across the entire EPSC amplitude range. Data are given as mean ± SEM 
 
 
Deficient response of AMPA-Rs to Ca2+-calmodulin 
In view of the existing models on LTP in naïve synapses pointing to a critical role of 
selective protein phosphorylation (Lee et al., 2000) and the recently suggested effects 
of stress at CaMKII (Gerges et al., 2003) we set out to physiologically test the 
activation of this protein by intracellular perfusion of its agonist (Wang and Kelly, 
1995; 2001). We tested the role of CaMKII at CA3 collateral synapses by perfusing 
control slices with the specific membrane-permeable CaMKII antagonist KN-93 (1 
µmol/L, Sumi et al., 1991). There was a significant block in the early phase (14 min, P 
< 0.001) but not the late phase of LTP (> 15 min, P > 0.5). Perhaps activates the high-
frequency stimulation mossy fiber LTP transsynaptically, which does not require 
CaMKII (Ito et al., 1991; Salin et al., 1996). Alternatively, other proteins (e.g. PKC) 
might underlie late mechanisms of LTP at the C/A synapses.  
 
We reasoned that when the CaMKII cascade is changed after stressful experience the 
activation of CaMKII might be impaired. Therefore, we directly monitored EPSCs 
during cytosolic whole-cell perfusion with Ca2+-CaM (Wang and Kelly, 1995, 2001). 
In control cells the application of Ca2+-CaM led to a time-dependent increase of the 
EPSC peak amplitudes (Fig. 4A-C). After two minutes the amplitudes started to 
increase progressively, reaching ~190% at 20 min. The upregulation in control animals 
was CaMKII-dependent since application of KN-93 (1 µmol/L) 15 min before 
recording significantly suppressed the effects of Ca2+-CaM (15 min, 102 ± 2%, n = 4). 
The CA3 C/A synapses of stressed animals were significantly less susceptible for 
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stimulation with Ca2+-CaM and did not respond by an increase in the AMPA currents. 







Fig. 4. Differential AMPA receptor responses to Ca2+-CaM application. A-B. Ca2+-calmodulin was added 
to the pipette solution in a stochastic ratio of 40 µM:10 µM, similarly in CA3 pyramidal cells from 
control and stressed animals. C. Ca2+-CaM produced a slow developing increase in the compound EPSCs, 
reaching peak amplitudes of 193 ± 16 % from baseline at 20 min (n = 8, P < 0.01). Recordings from 
stressed animals showed that at 15 min only 103 ± 17% of baseline EPSC amplitude was reached 
(unpaired t-test, compared to control, P < 0.03) and at 20 min even resulted in decreased amplitudes of 86 
± 17% (compared to control, P < 0.001). D. The distribution of EPSC amplitudes shows a slightly bi-
directional effect of Ca2+-CaM at AMPA responses, as a depression of EPSCs in stressed animals, and 
increase in control animals.  
 
Discussion 
The present investigation demonstrates that a short-lasting stress exposure produces 
long-lasting opposite effects on AMPA-R-mediated C/A synaptic properties. It 
increases the basal synaptic strength but blocks the probability for induction of LTP. 
Consistent with this, the LTP-dependent bursting could also not be elicited. Seeking 
for a possible mechanism that prevents this experience-dependent blockade in synaptic 
plasticity we obtained functional evidence that a reduced response of AMPA-Rs 
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Increased excitatory baseline transmission  
Recently, Karst and Joëls (2003) showed that following three weeks of repetitive 
stress the AMPA-R responses in hippocampal dentate granule cells were elevated, but 
only when external high corticosterone levels were applied. In the present study, we 
observed similar changes but investigated in animals in the onset of their activity 
phase, i.e. when corticosterone is endogenously elevated. The corticosterone levels 
appeared not to be changed by the stress exposure, which is consistent with previous 
studies (Buwalda et al., 1999; 2001). How the AMPA-R-mediated currents at the CA3 
C/A synapses (Fig. 1) are increased is not clear. The conductance change might be 
caused by an elevation in mRNA for the AMPA channel subtype GluR1 after stress 
(Schwendt and Jezova, 2002) although no information is available on channel 
expression long after stress episodes. In addition to the increased current amplitudes, 
the facilitation of the EPSC onset latency might depend on the reduced apical dendritic 
geometry of the CA3 pyramidal neurons (Kole et al., submitted). Irrespective of the 
precise source of increased AMPA currents it is clear that even a short stressor leads to 
long-lasting modification of basal excitatory signaling at the CA3 pyramidal cell. 
Despite this facilitation, the activity-dependent regulation of the AMPA channels 
appeared to be blocked.  
The currently best-supported scenario for LTP induction involves phosphorylation of 
AMPA receptors by CaMKII (Lisman et al., 2002). During NMDA-mediated Ca2+ 
influx at naïve synapses the enzyme CaMKII is pohsphorylated, and subsequently 
undergoes autophosphorylation at its Thr286 site (Barria et al., 1997, Lee et al., 2000). 
This biochemical signal leads to enhanced conductance of GluR1 subunit of the 
AMPA receptor by the phosphorylation of its Ser831 site (Lledo et al., 1995; Lisman et 
al., 2002) and there is evidence that this shares mechanisms with the tetanization-
induced LTP. We show here that, identical to the CA1 SC synapses, the C/A synapses 
also utilizes CaMKII signaling, since we could block both the Ca2+-calmodulin 
activation of AMPA EPSCs and the induction of the early phase of LTP by KN-93, a 
known antagonist for the autophosphorylation of the α- and β-CaMKII sites as well as 
the calmodulin binding at the protein (Sumi et al., 1991). While the present 
experiments demonstrate that there is a disruption in functional activation of AMPA-
Rs by the CaMKII-dependent mechansims after stress (Fig. 4), other forms of activity-
dependent plasticity were still intact. Both LTD and de-depotentiation differ also 
greatly from LTP in their biochemical correlate by inducing dephosphorlyation of the 
AMPA-R sites via protein phosphatases or PKA, thus act independently from the 
CaMKII enzyme (Lee et al., 2000).  
 
Implications 
The ability of CA3 C/A synapses to induce polysynaptic bursting (Fig. 2) together 
with its topographical wiring, render the CA3 recurrent collaterals strongly involved in 
feed-forward excitation. This facilitates bi-directional modification of synaptic 
strength that depends on the synchronized activity between network-connected 
populations of neurons (Zalutsky and Nicoll, 1990; Debanne et al., 1998; Bains et al., 
1999; Staley et al., 2000; Nakazawa et al., 2002). Network transitions from quiescence 
to fully active occur when recurrent synapses are sufficiently synchronized to initiate 
action potential bursts, which on its turn lead to opening of NMDA receptors (Bains et 
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al., 1999, Staley et al., 2000). The stress-impaired blockade of LTP would thus predict 
a long-lasting disruption of CA3-dependent mnemonic tasks that rely on the changes 
in synaptic strength. CA3 C/A synapses are recognized to be involved in associative or 
fast learning about single events (Rolls, 1996; Nakazawa et al., 2002; 2003).  
Whereas some types of acute stress impair spatial and recognition memory and 
hippocampal LTP transiently (Baker and Kim, 2002; Garcia et al., 1997) the exposure 
to social defeat, followed by single housing, can produce long-lasting effects on social 
recognition memory or anxiety-related behaviors (Koolhaas et al., 1997; von Frijtag et 
al., 2000). This might be compared to the effects of traumatic stressful events that, via 
elevated epinephrine and glucocorticoids, impair the recall or acquisition of non-
emotional memories (spatial and contextual information) but contrastingly lead to the 
consolidation of memories with emotional content, consistently shown in laboratory 
animals and humans (Buchanan and Lovallo, 2001; Roozendaal, 2002). This raises the 
question: are C/A synapses after stress merely saturated by a history of learning-
induced LTP? Kim et al. (1996) proposed that baseline changes in hippocampal 
excitatory transmission after stress shift the modification range of synaptic plasticity 
towards LTD. Our empirical observations partially support this hypothesis. Although 
basal excitatory transmission was potentiated, the dynamic range is nevertheless 
suppressed compared to control animals. This does not occur during learning of motor 
tasks, where LTP is also lower but the synaptic modification range is maintained 
(Rioult-Pedotti et al., 2000).  
Where is the CaMKII enzyme altered? Currently, we can only speculate. Recent 
studies report a reduced availability of total or phosphorylated fraction of the CaMKII 
after stress (Gerges et al., 2003; Blank et al., 2003). Since we recorded synaptic 
responses three weeks after stress, it cannot be excluded that the enzyme is changed in 
another way then being reduced. The multifunctional enzyme CaMKII is involved in 
the transitions of branch dynamics of dendrites and axon during maturation of the 
brain (Cline, 1999; Lisman et al., 2002).  
Since we have recently shown that CA3 pyramidal dendrites exhibit extraordinary 
reorganization following three weeks after two social defeats (Kole et al., submitted) it 
is tempting to propose that a reduction in postsynaptic CaMKII might be involved in 
the observed increase in branch dynamics, allowing both branch addition as well as 
elimination. These processes require the simultaneous reduction of CaMKII and 
mictrotubuli-associated proteins (Wu and Cline, 1998; Vaillant et al., 2002). In this 
view, changes in CaMKII activity after stress might act as a switch between synaptic 
Hebbian plasticity and structural plasticity, of which the latter provides a larger 
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Summary 
Recent hypotheses on the action of antidepressants imply a modulation of excitatory 
amino acid transmission. Here, the effects of long-term antidepressant application in 
rats with the drug tianeptine were examined at hippocampal CA3 commissural-
associational (C/A) glutamate receptor ion channels, employing the whole-cell patch-
clamp technique. The drug’s impact was tested by subjecting rats to daily restraint 
stress for three weeks in combination with tianeptine treatment (10 mg/kg/day). 
Whereas stress increased the deactivation time-constant and amplitude of N-methyl-D-
aspartate (NMDA) mediated excitatory postsynaptic currents (EPSCs), it did not affect 
the α-amino-3-hydroxy-5-methyl-4-isoxazole propionate (AMPA) mediated EPSCs. 
Concomitant pharmacological treatment of stressed animals with tianeptine resulted in 
a normalized scaling of the amplitude ratio of NMDA receptor to AMPA receptor-
mediated currents and prevented the stress-induced attenuation of NMDA-EPSCs 
deactivation. Paired-pulse-facilitation and the frequency-dependent plasticity remained 
unchanged. Both in control and stressed animals, however, tianeptine treatment 
strengthened the slope of the input-output relation of EPSCs. The latter was mimicked 
by exposing hippocampal slices in vitro with 10 µM tianeptine, which rapidly 
increased the amplitudes of NMDA- and AMPA EPSCs. The enhancement of EPSCs 
could be blocked by the intracellular presence of the kinase inhibitor staurosporine (1 
µM), suggesting the involvement of a postsynaptic phosphorylation cascade rather than 
presynaptic release mechanisms at CA3 C/A synapses. These results indicate that 
tianeptine targets the phosphorylation-state of glutamate receptors at the CA3 C/A 
synapse. This novel signal transduction mechanism for tianeptine may provide a 
mechanistic resolution for its neuroprotective properties and, moreover, a 
pharmacological trajectory for its memory enhancing and/or antidepressant activity. 
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Introduction  
Research on the pharmacological mechanisms and effects of antidepressants is a key 
approach to resolution of the underlying factors of the pathophysiology of depression, 
a disorder for which fundamental biological criteria are still lacking (Wong & Licinio, 
2001). During recent decades, research on antidepressants has been primarily oriented 
towards the concept of an imbalance in monoamine neurotransmission, such as 
noradrenaline or serotonin (Coppen & Doogan, 1988). Although considerable progress 
has been made, there are still serious gaps and limitations in the explanation of the 
clinical aspects, etiology and pathophysiology of major depression (Wong & Licinio, 
2001). For example, the currently available data on the cellular and neurochemical 
effects of the antidepressant tianeptine is difficult to reconcile with a monoamine 
hypothesis of depression, although the drug possesses clear clinical efficacy (Piñeyro 
et al., 1995, Wagstaff et al., 2001).  
Major stressful life events are recognized as risk factors in the etiopathology of 
depression (Manji et al., 2001, Wong & Licinio, 2001). Preclinical and clinical 
research suggests that the hippocampus may be relevant to research on the cellular 
mechanisms of antidepressants in the central nervous system, because of its integrative 
function during the stress response, an important constituent of the depressive 
syndrome (McEwen, 2000, Sheline et al., 1996). Several lines of evidence indicate that 
the NMDA receptor for glutamate, the principal excitatory neurotransmitter in the 
brain, mediates the major functional and cellular effects of stress. First, receptor 
binding and subunit expression for hippocampal NMDA-receptors is enhanced 
following stress (Bartanusz et al., 1995, Krugers et al., 1993). Second, via NMDA-
receptor activation stress shifts hippocampal synaptic plasticity (Kim et al., 1996), the 
cellular correlate to learning and memory (Malenka & Nicoll, 1999), to a lower 
threshold for long-term depression (LTD). Third, the application of an NMDA-
receptor antagonist prevents stress-induced dendritic remodeling of CA3 principal 
neurons, a highly replicable consequence of chronic stress (Magariños & McEwen, 
1995a).  
In line with these and other data, the recent hypothesis emerged that reduction of 
NMDA receptor-mediated functions may be implicated in antidepressant activity 
(Skolnick, 1999, Petrie et al., 2000, Krystal et al., 2002). Indeed, chronic application of 
antidepressants selectively reduces expression of hippocampal NMDA receptor 
subunits (reviewed by Skolnick, 1999), and in various animal models for depression 
the application of NMDA antagonists exhibit pharmacological antidepressant potency 
(reviewed by Petrie et al., 2000). Interestingly, a recent clinical trial (Berman et al., 
2000) also provided evidence that treatment with the NMDA-antagonist ketamine 
produced a significant, albeit short, improvement of mood in patients suffering major 
depression.  
In the present study, we hypothesized that the antidepressant tianeptine may exert 
direct effects on the hippocampal glutamate receptor system, and furthermore that this 
interaction may be important in treatment-relevant conditions. In one series of 
experiments involving repeated restraint stress, we established which stress-induced 
physiological modifications occur at whole-cell recorded NMDA and AMPA-receptor 
postsynaptic currents (EPSCs), mediated by the CA3 commissural-associational 
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synapses. Applying this model, we investigated the particular role tianeptine has in 
modifying the EPSCs of CA3 C/A synapses using concomitant drug application. In a 
separate set of experiments, the short-term modulation of tianeptine at CA3 C/A 
EPSCs was studied in vitro using hippocampal slices from animals without previous 
treatment. Here, we searched for the molecular route that tianeptine may possibly use 
when interacting with the hippocampal glutamate receptor-mediated currents. 
 
Materials and Methods 
Abbreviations 
ACSF, artificial cerebrospinal fluid; AMPA, α-amino-3-hydroxy-5-methyl-4-
isoxazole propionate; C/A, commissural-associational; CA3, cornu ammonis layer 3; 
EPSCs, excitatory postsynaptic currents; LTD, long-term depression; LTP, long-term 
potentiation; NMDA, N-methyl-D-aspartate; PPF, paired-pulse facilitation; RN, 




Male Wistar rats (Winkelmann, Borchen, Germany) weighing 100–120 g at the 
beginning of the experiments were housed in groups of three with ad libitum access to 
food and tap water. Animals were maintained in a temperature-controlled room, with a 
light/dark cycle of 12/12 hrs (lights on at 0600 h). The rats were handled and weighed 
daily for two weeks and randomly assigned to the experimental groups. Experiments 
were performed during the light period of the cycle. All treatments, which included 
body weight measurement and injection, were performed during the light period. 
Animal experimentation was done in accordance with the European Council Directive 
of November 24th 1986 (86/EC), and was approved by the Government of Lower 
Saxony, Germany. 
 
Restraint stress and tianeptine treatment 
A 2 × 2 experimental procedure was applied, separating the effects of stress, drug 
administration and their interaction. The groups were Control; Control + Tianeptine; 
Stress; and Stress + Tianeptine, and the experimental phases are displayed in Fig. 1A. 
The first experimental phase (‘Habituation’) lasted for 14 days, during which body 
weight was recorded daily. The second phase of the experiment (‘Treatment’) lasted 
for a period of 21 days, during which the animals of the Stress, and Stress + Tianeptine 
groups were submitted to daily restraint stress for 6 hrs/day (1000–1600 h). Restraint 
stress was carried out according to an established paradigm (Magariños & McEwen, 
1995a). Before the onset of the daily restraint period, animals of the Stress + 
Tianeptine group received tianeptine (Stablon®, S 01574-01, N-(8-chloro-10-dioxo-
11-methyl-dibenzo(c,f)(1,2)-5-thiazepinyl) sodium heptanoate, Servier, France) in a 
concentration of 10mg/kg, i.p., dissolved in sterile 0.9% NaCl. Animals of the Stress 
group were injected daily with the vehicle only. During restraint stress, the rats were 
Tianeptine modulates glutamate receptor currents 
 77 
placed in plastic tubes in their home cages and they had no access to food or water. 
Control rats were not subjected to any type of stress except daily injections. Animals of 
the Control + Tianeptine group received tianeptine (10 mg/kg; i.p.) daily at 1000 h, 
whereas animals of the Control group were injected with the vehicle only. Each 
experimental group consisted of six animals and body weights were recorded daily.  
After the 21 days of treatment and a recovery period of 1.5 days, animals were 
briefly anesthetized with ether and decapitated (0900 h). Brains were rapidly removed 
and processed for slice preparation (see below), and trunk blood was collected in 
EDTA containing tubes. Blood samples were immediately centrifuged and plasma 
stored frozen at -20°C for subsequent corticosterone measurement. 
 
In vitro effects of tianeptine 
Rats not subjected to any type of treatment were briefly anesthetized with ether and 
decapitated (0900 h). Brains were rapidly removed and processed for slice preparation 
(see below). 
 
Brain slice preparation 
The brain was rapidly removed and immediately placed in oxygenated (95% O2, 5% 
CO2) ice-cold sucrose-based artificial cerebrospinal fluid (ACSF) containing (in mM): 
198 Sucrose, 1 MgCl2, 2.5 KCl, 2 MgSO4, 1.25 Na2HPO4, 26 NaHCO3, 14 D(+)-
Glucose, 1 kynurenic acid, 1.5 CaCl2, 2 L(+) ascorbic acid. After chilling for 1.5 min, 
the brain was glued at its dorsal side in a vibratome (Vibracut-2, FTB 
Feinwerkmechanik, Bensheim, Germany), and transverse slices of 400 µm nominal 
thickness were cut and stored in oxygenated ACSF (125 NaCl, 2.5 KCl, 1.25 
Na2HPO4, 2 MgSO4, 26 NaHCO3, 1.5 CaCl2, 1 L(+) ascorbic acid, 14 D(+)-Glucose, 
~300 mOsm, pH 7.4. Slices were allowed to equilibrate at 33°C for 1 hr, and then kept 
at room temperature. 
 
Whole-cell recording 
Slices were hemisected and the hippocampal-enthorinal area isolated and transferred 
to a submerged type of recording chamber (flow rate: 1–2 mL/min) with continuously 
oxygenated ACSF. CA3 pyramidal neurons were visualized and approached using 
infrared-differential interference contrast microscopy (Zeiss, Göttingen, Germany) 
allowing pre-selection and recording standardization (Fig. 1B). As densities of C/A 
afferents vary in function according to their proximo-distal position in the longitudinal 
axis, we recorded through the CA3b region (Ishizuka et al., 1995). Patch-clamp 
borosilicate glass pipettes (Hilgenberg, Malsfeld, Germany) were pulled on a two-stage 
puller (PP-830, Narishige, London, UK), possessing a resistance of 2–5 MΩ in the 
bath, and filled with the intracellular solution composed of (in mM) 100 cesium 
gluconate, 17.5 CsCl2, 2 MgCl2, 8 NaCl, 10 HEPES, 1 EGTA, 3 ATP-Na2, 10 
phosphocreatine, 2.2 QX-314 (a Na+ channel blocker) and 0.3 tris-GTP, added freshly 
from –80°C stock solutions. The pH was set to 7.3 with CsOH and 295 mOsm. All 
data were collected at 32 ± 0.5 °C. Whole-cell voltage-clamp recording was performed 
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with an Axopatch 200B amplifier (Axon Instruments, Foster City, CA, USA), low pass 
filtered at 2 KHz and digitized at 10 kHz with an ITC-16 computer interface (HEKA 
Elektronik, Lambrecht, Germany), allowing control of amplifier command potentials, 
step protocols and data collection with the PULSE software (HEKA). Pipette offset 
and capacitance were compensated for, using the appropriate controls at the amplifier. 
Series resistance (RS) was routinely monitored in voltage-clamp using either test-pulses 
or RS-cancellation amplifier readout. Whole-cell measurements typically were 
performed with 7 MΩ and aborted when > 20 MΩ. Stimulation of C/A afferents was 
performed using monopolar tungsten microelectrodes (0.1 MΩ, WPI Inc., Sarasota, 
FL, USA) placed in the stratum radiatum at ~300 µm lateral from the whole-cell 
recording site (Fig 1B). Brief 100 µs stimulation pulses with varying intensities (10–
200 µA) were employed. EPSCs were always recorded under the presence of α-
aminobutyric acid (GABA)A receptor antagonists (-)- bicuculline (10–20 µM) and 
picrotoxin (20–40 µM), respectively. Extracellular Ca2+ was raised to 3.5 mM and 
Mg2+ to 2.5 mM preventing epileptic events. While keeping the cell at –80 mV, leak 
always amounted less than –200 pA.  
 
Chemicals 
EGTA, HEPES, gluconic acid, cesium chloride, tris-GTP, ATP-disodium, 
phosphocreatine and kynurenic acid were obtained from Sigma-Aldrich (Steinheim, 
Germany). CNQX-disodium salt, QX-314, D-AP5 (D-[-]-2-Amino-5-
phosphonovaleric acid), DCG-IV, (-)-bicuculline-methobromide and picrotoxin were 
obtained from Tocris (Biotrend, Köln, Germany). All other chemicals were from 
Merck (Darmstadt, Germany).  
 
Data analysis 
Data analysis at current- and voltage-traces was performed with the software 
PULSEFIT (HEKA) using a minimum of 5 consecutive sweeps and then averaged. For 
graphical processing, Origin 6.1 (Microcal Software Inc., Northampton, MA, USA) 
was used. Statistical analysis of the in vivo experiments (restraint stress and tianeptine 
treatment) was conducted with ANOVA SPSS 7.5 (SPSS Inc., Chicago, IL, USA) 
monitoring the two-way interaction design, and isolating the effects of tianeptine, 
stress and their interaction. Data are presented as mean ± S.E.M. of recorded cells. All 
reported findings were statistically analyzed with animals as dependent variable as 
well. These analyses gave similar results both qualitatively as quantitatively, indicating 
that the inter animal differences were lower than the variation between groups, for the 
parameters that were found to be affected. The in vitro effects of tianeptine were tested 
with two-tailed unpaired and paired t-tests. A level of P < 0.05 was considered 
significant.  
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Results  
Effects of stress and tianeptine treatment on body weight and corticosterone 
The effectiveness of the stress procedure was assessed by monitoring body weight 
and plasma corticosterone, which are both associated with the intensity of stress 
exposure (McEwen, 2000). Chronic restraint reduced body weight gain throughout the 
entire stress period (F[1,3] = 41.2, P < 0.001). In both the Stress and Stress + 
Tianeptine group, body weight gain was reduced (34 ± 5%, compared with Control and 
Control + Tianeptine groups). There was no interaction detected with the drug 
treatment (F[1, 3] = 0.9, P > 0.4), demonstrating that tianeptine did not prevent the 
stress-induced reduction of body weight gain. Morning plasma corticosterone values 
were not affected by the three weeks of stress (Control: 12.5 ± 1.7 ng/mL, Stress: 12.3 
± 2.3 ng/mL; P > 0.12). Concomitant tianeptine treatment, however, raised these levels 
(Stress + Tianeptine: 21.2 ± 6.9 ng/mL and Control + Tianeptine: 43.0 ± 10.2 ng/mL; 
P < 0.01). There was no interaction between stress and tianeptine (P > 0.1). 
 
Isolation of the commissural-associational excitatory postsynaptic currents 
The commissural-associational (C/A) CA3 synaptic currents were studied by 
stimulation of afferent fibers in the stratum radiatum (Fig. 1B). The excitatory 
postsynaptic currents (EPSCs) were evoked at a rate of 0.05 Hz from a holding 
potential of –80 mV. The ionotropic glutamate receptors producing a dual-component 
EPSC can be divided into the kinetically fast AMPA receptors and the slow NMDA 
receptor (Hestrin et al., 1990). The application of 20 µM CNQX rapidly blocked the 
fast, inward EPSC, and at a holding potential of -80 mV a pure AMPA-receptor 
mediated EPSC was recorded (Fig. 3A). Preliminary experiments (data not shown) 
indicated that the paired-pulse facilitation (PPF) magnitude of C/A synapses were 
lower compared with PPF from mossy fiber EPSCs. Also their kinetics were 
considerably slower compared with mossy fiber synapses, and were thereby indicative 
of C/A EPSCs (Salin et al., 1996). To further evaluate the synaptic source of the 
EPSCs, we applied 1 µM DCG-IV, pharmacologically blocking the mossy fiber 
transmission (Kamiya et al., 1996). The amplitude and kinetics of the EPSCs were only 
marginally affected (2.3 ± 4%, n = 5), indicating that the currently applied scheme 
yielded ample pure C/A EPSCs.  
 
Effects of stress and tianeptine treatment on CA3 glutamate receptor currents 
Comparing the EPSCs between slices of the different experimental groups revealed 
that the various treatments did not change resting CA3 neuronal membrane properties 
(Table 1). Neither the cellular input resistance nor membrane potentials, nor the time 
kinetics of the increase in whole-cell AMPA-EPSC were changed by stress or 
antidepressant treatment. As our main objective was to study cross-slice treatment 
effects, we normalized the AMPA EPSC amplitude to 250–300 pA by adjustment of 
the stimulus intensities. Scaled EPSCs of the four groups were similar in latency, 
duration of increase and decay kinetics (Table 1). 



























Fig. 1. (A) Temporal representation of the experimental design and the four experimental groups. A 14-day 
experimental phase consisted of a Habituation period. During the second phase, which lasted 21 days, the 
animals in the two stress groups (Stress, Stress + Tianeptine) were submitted to daily restraint stress (6 hrs/day). 
Stressed animals received a daily i.p. injection of tianeptine (Stress + Tianeptine; 10 mg/kg, n = 6) or vehicle 
(Stress, n = 6). Animals in the control group remained undisturbed except for a daily injection of tianeptine 
(Control + Tianeptine; 10 mg/kg; n = 6) or vehicle (Control, n = 6). Note that the animals were sacrificed 1.5 
days after the last treatment, before brain slices were prepared for whole-cell recording. (B) Schematic diagram 
of the hippocampal slice preparation, arrangement of stimulus electrode and patch-clamp recording pipette. The 
patch-clamp electrode was positioned in the CA3b area and pyramidal shaped neurons selected for recording 
using IR-DIC video-microscopy. To activate the commissural-associational (C/A) pathway, a stimulus electrode 
was placed, under visual microscopic control, lateral from the CA3b pyramidal neuron in the stratum radiatum 
field. This stimulus protocol activates afferents both from the commissural [comm] fibers, originating from the 
contralateral CA3 region, and from the associational [assoc] fibers, from ipsilateral CA3 cells. 
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Table 1. Resting CA3 membrane and C/A EPSC properties 





      
RN (MΩ) 104.1 ± 7.1 (27) 112.4 ± 4.6 (23) 93.6 ± 5.6 (19) 103.5±11.3 (19) n.s. 
VM (mV) -69.0 ± 1.6 (27) -68.7 ± 2.2 (23) -65.7 ± 4.8 (9) -63.3 ± 2.2 (19) n.s. 
 
AMPA EPSCa 
     
Latency (ms) 2.8 ± 0.1 (18) 3.1 ± 0.1 (14) 2.9 ± 0.2 (10) 3.1 ± 0.2 (12) n.s. 
10-90% rise time (ms) 2.8 ± 0.2 (18) 3.0 ± 0.2 (14) 2.6 ± 0.3 (10) 2.8 ± 0.6 (12) n.s. 
Decay time (ms) 15.9 ± 1.2 (18) 15.7 ± 1.2 (14) 15.1 ± 1.0 (10) 16.9 ± 1.4 (12) n.s. 
 
NMDA- EPSC b 
     
Amplitude (pA) 72.9 ± 15.2 (15) 116.5 ± 24.4 (14) 62.9±12.5 (17) * 60.8 ±6.3 (12) * 0.03 
10-90% rise time (ms) 4.9 ± 0.2 (15) 5.3 ± 0.2 (14) 4.8 ± 0.5 (15) 5.0 ± 0.4 (12) n.s. 
Decay rate (ms) 56.8 ± 3.7 (15) 82.6 ± 8.9 (14) * 61.0 ± 5.5 (17) 64.7 ± 4.8 (12) 0.003 
 
Data represent mean ± S.E.M. (n = number of cells).aDetermined with amplitudes normalized to 250–350 pA, at 
a holding potential of –80 mV, b Determined at a holding potential of +60 mV. *P < 0.05 main effect of two-way 
ANOVA. 
 
Whole-cell recordings were then continued at depolarized voltages between +40 and 
+60 mV for a minimum of 1.5 s to fully relieve the voltage-dependent Mg2+ block of 
the NMDA-channel (Chen et al., 1999, Hestrin et al., 1990). An outward EPSC with 
slow rise and decay kinetics was obtained with pharmacological sensitivity to the 
specific NMDA receptor blocker D-AP5 (50 µM inhibited 87 ± 3%, n = 7, Fig. 2A). 
The NMDA-EPSC was then expressed as the percentage of the AMPA EPSC (Ito et 
al., 1997, 2000). Stress exposure significantly enhanced the ratio of NMDA/AMPA 
EPSC peak amplitudes (F[1, 57] = 8.1, P < 0.01; Fig. 2C and 2D). Stimulation 
intensities were not related to NMDA/AMPA ratio (r = –0.1 for Control, n = 18), 
indicating that the results of the NMDA/AMPA ratios were not contaminated by 
differential stimulus intensities. In fact, group comparisons of the absolute NMDA-
receptor mediated currents (at +60 mV) were significantly affected by treatment (F[2, 
57] = 3.6; P < 0.03), while tianeptine lowered amplitudes in the Stress + Tianeptine 
group (F[1, 55] = 7.0; P < 0.01). Furthermore, chronic restraint stress reduced the pace 
of decay kinetics by 146 ± 16% (F[1, 49] = 6.9; P < 0.01, Fig. 2B), and tianeptine 
treatment (Stress + Tianeptine) significantly counteracted this effect (two-way 
interaction; F[1, 49] = 4.8; P < 0.03, Table 1).  
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Fig. 2. (A) Isolation of the NMDA-receptor mediated component of the CA3 C/A EPSC (baseline trace) was 
obtained in whole-cell voltage-clamp configuration and in ACSF containing bicuculline (20 µM), picrotoxin (40 
µM) and CNQX (20 µM), applying a depolarizing holding potential of +60 mV. The control current (baseline) 
was fully blocked by 50 µM of a NMDA-receptor blocker (D-AP5). (B) Chronic stress (Stress group, open dots) 
selectively resulted in a slower deactivation kinetic of the NMDA-receptor mediated EPSC (Stress: 82.6 ± 9 ms 
vs. Control: 56.8 ± 4 ms, P < 0.001). This effect of stress was not seen in NMDA-EPSC recordings in slices from 
animals subjected to concomitant tianeptine treatment (Stress+Tianeptine, see Table 1 for data). The lines 
through the current traces are the fits obtained with a single exponential function. (C) For each group, traces of 
AMPA EPSCs (–80 mV, lower traces) are compared with the NMDA-receptor mediated EPSCs (upper traces, 
recorded at +60 mV + 20 µM CNQX). In slices from animals subjected to repeated stress, the NMDA-
component appeared enhanced. (D) Summarizes all data from the peak amplitudes, expressed as NMDA/AMPA 
ratios, for each treatment group. Chronic stress resulted in an enhanced ratio of NMDA/AMPA CA3 C/A EPSCs 
(44.3 ± 5.1% vs. 26.1 ± 3.9%, P < 0.01, two-way-ANOVA), but this effect was counteracted by long-term 
tianeptine treatment (P < 0.03). Data are the mean ± S.E.M., numbers indicate the cells obtained from 6 animals 
per group. 
 
Stress is known to reduce the length and complexity of CA3 apical dendrites 
(Magariños et al., 1999), thereby warranting the interpretation of kinetic data of 
postsynaptic current from distal synapses. A reduced dendritic length would shorten 
the electrotonic distance and thus accelerate the rise-times, especially for rapidly 
occurring synaptic currents such as the fast AMPA currents (Spruston et al., 1993, 
Hestrin et al., 1990). However, when comparing the kinetics we could detect no 
alteration of EPSC latency or rise-time kinetics for either the NMDA- or AMPA 
receptor mediated EPSCs (Table 1). This suggests that the observed changes in 
NMDA-receptor EPSC cannot be directly attributed to different space-clamp 
conditions between treatment procedures. NMDA current-voltage (I-V) relationships 
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were additionally reconstructed by stepwise 10 mV hyperpolarizing of the membrane 
potential within a voltage range of +60 to –80 mV. The membrane potential was 
always maintained for several seconds before recording approximately five sweeps 
(Chen et al., 1999). Recordings from both Control and Stress treated animals showed I-
V relationships with a similar shape and amplitude. The reversal potential, measured at 
the intersection on the voltage axis of a linear fit of the current, was unchanged by 
stress treatment (Control: 9 ± 3 mV, Stress: 14 ± 2 mV; P > 0.7), but shifted by +10 
mV after chronic tianeptine treatment (F[1, 35] = 11.4; P < 0.002) (Stress + 
Tianeptine: 21.3 ± 4.8 mV). Also these data indicate that the whole-cell recordings of 
CA3 pyramidal neurons of animals exposed to stress, containing putative retracted 




Fig. 3. (A) The stimulus-response curve for AMPA EPSCs shows that long-term treatment with tianeptine 
shifted the response curve to greater amplitudes at stimulation intensities of greater strength (132% increase at 4 
µA, 234% at 8 µA). However, chronic stress had no effect on the AMPA EPSC peak amplitudes, at any of the 
stimulus intensities (P > 0.05). Mean ± S.E.M. are shown per treatment group. *P < 0.05, ***P < 0.001, for the 
main effect of tianeptine. (B) The graph shows typical EPSCs of CA3 C/A synapses recorded at a holding 
potential of –80 mV. These EPSCs were mediated by AMPA receptors since bath application of the specific 
blocker CNQX (20 µM) completely abolished the inward current. Slices of animals treated long-term with 
tianeptine (Control + Tianeptine and Stress + Tianeptine) expressed AMPA EPSCs with larger amplitude. 
 
The final nominal intensities needed for eliciting 250 pA peak amplitude AMPA 
EPSC were ~60 % lower for the tianeptine-treated animals. The three-week treatment 
with tianeptine, in both the Stress + Tianeptine and Control + Tianeptine groups, had a 
significant effect on the peak amplitude of AMPA EPSC. This is shown by plotting the 
input-output relationship (e.g., 4 µA, main-effect F[2, 51] = 3.55, P < 0.05, Fig. 3A-B). 
Stimulation intensities larger than 50 % of the maximum amplitude increased EPSC 
peak amplitudes approximately twofold (e.g., 221 ± 29 % [n = 8], Stress + Tianeptine 
compared with Stress). 
Given that tianeptine thus affects the conductance of AMPA EPSCs, we asked 
further whether stress and/or antidepressant treatments affect mechanisms involved 
with the generation of short-term plasticity mediated by glutamate-receptor activation. 
Two protocols were used to approach this question. We first tested paired-pulse-
facilitation (PPF) of AMPA EPSCs with an inter-pulse duration of 80 ms. In this 
Chapter 5  
 84 
schedule the pulse enhancement is traditionally interpreted as depending on 
accumulation of presynaptic bound and/or residual Ca2+ during the conditioning pulse, 
enhancing transmitter release within a time window of milliseconds (Zucker, 1999). 
Comparing slices between groups, the degree of PPF (EPSC2:EPSC1) appeared 
unchanged after chronic stress or long-term tianeptine treatment (mean facilitation in 
Control: 147.2 ± 4.1 %, n = 20, Stress: 144.5 ± 5.1 %, n = 16, Control + Tianeptine: 
140.9 ± 11.2 %, n = 17, Stress + Tianeptine: 145.1 ± 5.2 %, n = 11). The second test 
protocol entailed a more slowly developing short-term plasticity of the CA3 C/A 
synapse, shown previously to depend on intra-terminal Ca2+ and Calmodulin kinase 
(Salin et al., 1996). Switching from a 0.05 to 2.0 Hz stimulus frequency scheme, the 
EPSC peak amplitudes of AMPA-R currents gradually increased and reached a plateau 
current within one minute, whereby upon a return to 0.05 Hz the baseline amplitudes 
were re-established (Fig. 4A). The mean magnitude of frequency potentiation for each 
group was very similar to the paired-pulse facilitation (Fig. 4B). In line with PPF 
comparison between groups, no differences in expression of the frequency-dependent 




Fig. 4. Lack of effects of chronic stress or chronic tianeptine treatment on short-term frequency-facilitation. (A) 
CA3 AMPA EPSC recordings were initially made at 0.05 Hz for 8 minutes during the baseline period. A rapid 
and reversible enhancement of the peak amplitude of AMPA EPSCs was observed when the stimulation 
frequency was altered from 0.05 Hz to 2.0 Hz. (B) The short-term facilitation was quantified as the ratio of the 
mean of 0.05 Hz, for all cells per group (n = 12 - 17) and compared. Both types of treatment, repeated stress and 
chronic antidepressant, did not alter frequency-facilitation (P > 0.1). The group mean ± S.E.M. of frequency-
facilitated amplitude is shown. The absolute magnitude of potentiation was very similar for paired-pulse-
facilitation experiments. 
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Effects of in vitro tianeptine application 
The results from the effects of tianeptine in the Stress + Tianeptine and Control + 
Tianeptine animals indicated drug-specific augmentation of glutamate receptor-
mediated transmission. We aimed to obtain further insights into the cellular pathways 
or mechanisms by which tianeptine is able to facilitate EPSCs at the CA3 C/A 
synapses. Previous studies showed that antidepressants or mood stabilizers are able to 
enhance EPSC via pre-synaptic mechanisms such as phosphorylation of the transmitter 
release site (Bouron & Chaton, 1999) or action potential broadening (Colino et al., 
1998). In in vitro experiments, tianeptine in a concentration of 10 µM, reflecting 
therapeutically relevant brain concentration (Couet et al., 1990), was applied to the 
bath. Within five to seven minutes after application, tianeptine enhanced the EPSC, 
reaching a plateau at which the magnitude was typically a twofold rise in peak 
amplitude (210 ± 30 %, n = 7, Fig. 5A). There was no effect on the latency or duration 
of current increase (-0.5 ± 0.4 ms, n = 5). However, the decay time of the EPSC 
increased slightly from 14 ± 3 ms to 22 ± 4 ms (n = 5), and the amplitude at 70–80 ms 
after stimulus produced an increase of 310 ± 30 % (n = 4).  
Under the presence of 50 µM D-AP5, a specific NMDA-receptor blocker, the same 
amplitude increase was obtained, but without a broadening of the EPSC width. Thus, 
both the fast AMPA and the kinetically slower NMDA-receptor mediated currents are 
increased by the antidepressant. This was further tested in seven cells by determining 
the ratio of NMDA/AMPA after slices were incubated for a minimum of two hours 
with 10 µM tianeptine. The relative NMDA/AMPA ratio was 27 ± 6 %, which was not 
different from control. These in vitro effects thus corroborated the data on long-term 
treatment. The fact that NMDA and AMPA EPSC amplitudes were increased similarly 
may suggest a change in presynaptic glutamate transmitter release. However, this 
contrasts with the finding that chronic tianeptine treatment was found not to change the 
CA3 C/A PPF of EPSCs.  
Nevertheless, we tested whether in vitro effects of tianeptine can be found at the 
presynaptic site of the CA3 C/A synapse. Using a KMeSO4-based intracellular 
solution, acute exposure to tianeptine (10 µM) as measured in current clamp recordings 
did not change the threshold for CA3 somatic depolarization-induced spike amplitudes 
or width (2 ± 6 % and 1 ± 2 %, respectively, n = 4), and neither the intrinsic membrane 
input resistance nor the time constant was changed (data not shown). A more direct 
approach was adopted from Colino et al. (1998). By applying continuously paired 
pulses (50 ms interval, 0.05 Hz), the enhancement of the AMPA EPSC by tianeptine 
and its effect at PPF were monitored simultaneously. The tianeptine-induced EPSC 
augmentation was not accompanied by a modification of PPF (baseline: 139.3 ± 4 %, 
after tianeptine: 126.5 ± 7 %, n = 4, paired t-test, P = 0.48). Collectively, these data 
lead to the suggestion that tianeptine enhances the CA3 C/A EPSC by mechanisms 
located postsynaptically rather than presynaptically. 
 
Tianeptine acts via intracellular mechanisms 
Because both the NMDA and AMPA glutamate receptors may be internally 
modulated via Ca2+-dependent mechanisms, we tested the dependence of the 
upregulation by inhibiting the increase of intracellular Ca2+, using 20 mM of the Ca2+-
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chelator 1,2-bis (2-aminophenoxy)-ethane-N,N,N´,N´-tetraacetic acid (BAPTA) added 
into the pipette solution. To allow diffusion throughout the neuron, application of 
tianeptine commenced 15 min after establishing the whole-cell configuration. The 
presence of BAPTA in this concentration slightly suppressed, but did not inhibit the 
enhancement of synaptic response in the presence of tianeptine (168 ± 40 %, n = 5).  
Several different phosphorylation mechanisms have been shown to effect changes in 
hippocampal synaptic plasticity, and in particular, to regulate glutamate mediated 
synaptic transmission via both Ca2+-dependent and Ca2+-independent pathways (the 
latter largely via interactions with calcium/calmodulin-dependent protein kinase II), 
targeting both AMPA and NMDA type receptors (Winder & Sweatt, 2001). In the 
presence of 1 µM of the broad-spectrum kinase inhibitor staurosporine (Tamaoki et al., 
1986) the effect of tianeptine on EPSC was nearly neutralized to an increase of 118 ± 
12 %, which was significantly lower than the control response (n = 5, unpaired t-test; P 





Fig. 5. (A) CA3 C/A AMPA EPSCs, adjusted to a baseline response of 200–300 pA, were recorded at a 
frequency of 0.05 Hz in hippocampal slices from treatment naïve animals. After a seven-minute baseline period, 
tianeptine-sodium (10 µM) was applied to the bath solution. Black bar indicates onset and end of tianeptine 
perfusion. Within minutes, a doubling of the peak amplitudes (closed circles) of the AMPA-R mediated EPSCs 
could be observed (210 ± 30 %). The postsynaptic glutamate-receptor enhancement resembled the effects of the 
chronic (21 days) treatment with tianeptine (see Fig. 2A). The in vitro tianeptine-induced EPSC amplitude 
increase is blocked by intracellular presence of the broad-spectrum kinase inhibitor staurosporine (Tamaoki et 
al., 1986). Staurosporine added into the patch solution (open circles) blocked the AMPA EPSC enhancement (P 
< 0.001). (B) Representative traces from the population data presented in (A). Upper traces show tianeptine 
effects on CA3 C/A EPSCs during baseline recordings. In the lower panel is an example shown that 
staurosporine blocks the effect of tianeptine on AMPA EPSCs.  
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Discussion 
With a combined approach using an animal model for stress and electrophysiological 
measurements, we showed that repeated restraint stress imposed for 21 days 
persistently enhanced the NMDA receptor component of EPSCs at the C/A synapses 
onto CA3 pyramidal neurons. When stressed animals were treated simultaneously with 
the antidepressant tianeptine, the NMDA/AMPA receptor ratio and the decay kinetics 
of NMDA EPSCs were similar in slices from Control + Tianeptine and Control 
animals, suggesting that tianeptine successfully counteracted the stress-induced 
increase in the NMDA/AMPA ratio. The drug effect was selective in that both the 
NMDA-R and AMPA-R mediated EPSCs increased equally and stimulus-dependently 
in Stress + Tianeptine and Control + Tianeptine rats. The in vitro application of 
tianeptine to brain slices from naïve animals mimicked the conductance-enhancement 
of NMDA-R and AMPA-R mediated EPSCs, and required the phosphorylation of 
intracellular protein kinases. Although long-term drug and stress treatments clearly 
affected CA3 C/A glutamate receptors, the short-term plasticity of both the frequency 
and PP-facilitation of EPSCs remained similar between groups. 
 
Stress affects synaptic glutamate currents  
The restraint stress paradigm used in this study modulates neuroendocrine parameters 
and spatial memory associated with impairments of the hippocampal structure and 
function (reviewed by McEwen, 2000). In this study, we showed that chronic restraint 
stress selectively upregulates the NMDA-receptor-mediated currents of the CA3 C/A 
EPSC and slows the deactivation of the NMDA EPSC. Different ratios of 
NMDA/AMPA EPSCs may be related to the subunit composition of the NMDA 
receptors (Weiskopf & Nicoll, 1995; Ito et al., 1997, 2000). Our data corroborate the 
increases in NR2B- and NMDA-receptor binding specific to the CA3 area following a 
single stressor (Bartanusz et al., 1995; Krugers et al., 1991). Higher levels of NR2B 
subunits slow the deactivation kinetics of NMDA EPSCs (Tovar et al., 2000; Vicini et 
al., 1998), which is consistent with our observation. Whether the expression of NMDA 
subunits is altered by 21 days of stress remains to be tested. However, long-term 
corticosterone treatment, which mimics the stress-induced effects on CA3 neurons 
(McEwen, 2000), elevates the hippocampal mRNA levels of NR2A and NR2B 
subunits (Weiland et al., 1997).  
The activation of NMDA receptors at CA3 C/A synapses is functionally involved in 
the regulation of LTP and LTD (Weisskopf & Nicoll, 1995; Salin et al., 1996; 
Debanne et al., 1998; Ito et al., 1997, 2000) and it has been shown that increased 
NMDA/AMPA ratios make synapses weaker and is associated to enhanced LTD 
(Thomas et al., 2001). Recent data provide evidence that chronic restraint stress 
diminishes the magnitude of LTP at the CA3 C/A synapses, but not at the mossy-fiber 
synapse (Pavlides et al., 2002). Therefore, our data on the re-scaling of the 
NMDA/AMPA-receptor-mediated currents at C/A synapses, obtained with a similar 
stress paradigm, might be involved in the regulation of stress-induced suppression of 
long-term potentiation.  
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Tianeptine blocks the effects of stress 
Tianeptine is a novel antidepressant agent with an efficacy equivalent to that of 
classical antidepressants (Wagstaff et al., 2001). The principal finding of our 
experiments is that chronic tianeptine treatment prevents the stress-induced re-scaling 
of NMDA/AMPA-receptor-mediated EPSCs at the recurrent synapses. This is in line 
with previous investigations showing that tianeptine prevents/reverses the effects of 
stress on hippocampal cell cycling, metabolism, dendritic shortening and Schaffer-
collateral LTP (Czéh et al., 2001, Magariños et al., 1999, Shakesby et al., 2002) and is 
consistent with the hypothesis that reducing NMDA receptor-mediated functions may 
play an important role in blocking stress-induced effects on hippocampal cellular 
properties. What kind of mechanism could account for this observation? The elevation 
of corticosteroids that accompanies chronic stress has been implicated in the mediation 
of stress-induced impairment of hippocampal neurons and also does affect NMDA 
receptor receptor expression (Magariños & McEwen, 1995b; Weiland et al., 1997, 
McEwen, 2000). In one study it was also reported that tianeptine treatment inhibited 
the plasma elevation of corticosterone after a single stressor (Delbende et al., 1994). In 
the present study, however, treatment with tianeptine caused a slight increase in plasma 
corticosterone levels, although they remained within the range of basal morning levels.  
Together with the fact that tianeptine did not reverse stress-induced body weight 
reduction, these data are in agreement with recent reports demonstrating that tianeptine 
treatment does not counteract the stress-induced activation of the HPA axis (Czéh et 
al., 2001; McEwen, 2000; Broqua et al., 1994; Shakesby et al., 2002). Although we 
cannot fully exclude a direct block of tianeptine at the NMDA channel, as has been 
described for the antidepressant imipramine (Watanabe et al., 1993; Sernagor et al., 
1989), it is unlikely that tianeptine was present at the time of recording. Our 
measurements were made about two days after the last tianeptine treatment, whereas 
the elimination of tianeptine is rapid and its metabolites disappear after several hours, 
even after long-term application (Couet et al., 1990; Wagstaff et al., 2001).  
One possibility by which tianeptine might reverse stress-induced NMDA receptor 
activation is via a concurrent downregulation of selective NMDA receptor subunits. 
Several distinct classes of antidepressants, such as tricyclic compounds and selective 
serotonin reuptake inhibitors (SSRI), regionally reduce the transcript levels of the 
NR2B or NR2A subunits of NMDA (Boyer et al., 1998). Whether tianeptine regulates 
the expression of the NMDA subunits is not yet known, but it would be interesting to 
address this possibility in future research. More speculatively, tianeptine might prevent 
the stress-induced effects at the hippocampal CA3 synapses by acting at the level of 
the intracellular compartments, preventing the transcription of glucocorticoid regulated 
genes, as shown recently by Budziszewska et al. (2001).  
 
Tianeptine directly modulates hippocampal EPSCs 
Insights into a potential role for intracellular proteins are demonstrated with our in 
vitro experiments. The results strongly indicate that the tianeptine-induced increases in 
EPSC is obtained via a direct postsynaptic modulation at NMDA- or AMPA receptors; 
the effect of tianeptine could be blocked by simultaneously loading the postsynaptic 
cell with the protein kinase inhibitor staurosporine. Significant phosphorylation sites 
have been found at the intracellular domains of the AMPA and NMDA receptors 
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(Yakel et al., 1993; Winder & Sweatt, 2001), which regulate the single-channel 
conductance of the glutamate receptors. The rapid up-regulation of the basal 
conductance of glutamate-receptor-mediated EPSCs by tianeptine is consistent with the 
findings of Audinat et al. (2001). Importantly, we extend these observations by 
showing that also repeated treatment with tianeptine, in a therapeutically relevant 
concentration, results in a persistent increase in CA3 C/A EPSC amplitudes, 
resembling its rapidly induced changes.  
The increased EPSCs that facilitate the propagation and enhanced summation of 
synaptic input, will reduce action potential thresholds. This is consistent with earlier 
findings that tianeptine increases CA1 and CA3 spike frequencies in vivo (Piñeyro et 
al., 1995; Dresse & Scuvée-Moreau, 1988). Interestingly, a recent study from Bouron 
and Chatton (1999) showed that the antidepressant desipramine requires a Ca2+-
independent phosphorylation factor to increase glutamate release, which was found to 
be blocked by the kinase inhibitor staurosporine as well. Furthermore, Budziszewska et 
al. (2001) showed that a many antidepressants, including tianeptine, act via protein 
kinase C to inhibit glucocorticoid-mediated gene expression in cultured hippocampal 
neurons; this fact supports the hypothesis that tianeptine has a direct effect intracellular 
on the activity of protein kinases. Identification of the kinase subtypes that might be 
involved in tianeptine’s modulation of EPSCs (PKC, CaMK II, or PKA) requires 
further research. 
 
Potential implications for tianeptine’s antidepressant mechanism of action  
The chemical structure of tianeptine contains a tricyclic ring system with a 3-
chlorodibenzothiazepin nucleus and aminoheptanoic side chain (Labrid et al., 1988). 
Therefore, it deviates markedly from tricyclic antidepressants in structure, 
neurochemical profile and therapeutic use, giving it a favorable pharmacokinetic 
profile (Couet et al., 1990, reviewed by Wagstaff et al., 2001). We propose, and 
provide data to support, that a target downstream from receptors and ion channels 
might play an important role in the cellular effects of tianeptine in cortical neurons. 
Upregulation of basal excitatory hippocampal synaptic transmission has been 
reported for a number of different SSRIs and tricyclic antidepressants, the mood 
stabilizer lithium, and electroconvulsive shock therapy (Stewart & Reid, 2000; Colino 
et al., 1998). This common property and the results of other studies have influenced 
current thinking on the cellular mechanisms of antidepressants, which emphasizes the 
importance of glutamate-mediated processes (Skolnick, 1999, Petrie et al., 2000, 
Krystal et al., 2002) and slow adaptive changes in post-receptor signaling pathways or 
gene expression (Thome et al., 2000, reviewed by Manji et al., 2001 and Popoli et al., 
2001), that all might be critically important to an ultimate improvement in the 
symptoms of mood disorders.  
Various antidepressant drugs directly affect protein phosphorylation and/or the 
translocation of protein kinases, which are highly enriched at the synaptic terminals 
and the postsynaptic density affect many important processes, including monoamine 
neurotransmitter release (Popoli et al., 2001). The phosphorylation of glutamate 
receptors has been implicated in cellular processes such as the regulation of basal 
signal transduction from the cell surface towards the intracellular compartment, the 
activation of mitogen-activated protein kinase (MAPK) signaling pathways, and the 
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transcription of brain-derived neurotrophic factor (BDNF) (Hayashi et al., 1999) or the 
induction of LTP (Malenka & Nicoll, 1999, Winder & Sweatt, 2001). Moreover, 
protein kinase activation delivers a priming signal for the activity-dependent structural 
shaping of dendrites, either by promoting dendritic outgrowth or providing enhanced 
structural stability (Wu and Cline, 1998).  
Taken together, our results show that tianeptine facilitates glutamate-receptor-
mediated signal transduction at the CA3 commissural–associational synapses, via a 
putative intracellular phosphorylation-dependent mechanism. Long-term treatment 
with tianeptine establishes a lasting increase in glutamate-receptor-mediated synaptic 
currents, but prevents a stress-induced increase in NMDA receptor currents. These data 
add physiological support to the hypothesis that kinase phosphorylation and regulation 
of NMDA-receptor-mediated processes are important targets for the therapeutic 









































“…….Unfortunately, nature seems unaware of our 
intellectual need for convenience and unity, and very 
often takes delight in complication and diversity…..”  
 
S. Ramón y Cajal, 1906. 
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In this thesis the postsynaptic somato-dendritic membrane properties of CA3 neurons 
were investigated following stressful episodes by using combined electrophysiological 
and morphological approaches. The objectives were to determine the modifications in 
intrinsic, active (burst and regular firing) and passive (input resistance and time-
constant) membrane properties, testing the contribution of geometric diversity and 
endogenous corticosteroid levels on the obtained physiological parameters. 
Furthermore, we aimed to study these parameters long after the actual stress 
experience. We used animal experiments with repetitive (social) stress exposures and 
information was obtained from two different species: the Wistar rat and the tree shrew 
(Tupaia belangeri). The analysis of the results involves two levels of organization: 
first, the variability of cells, and second the level of the animal’s experience and its 
associated endocrinological state. While the results have been discussed in each 
chapter separately, this chapter provides a synopsis of the main results, highlights its 
major implications to arrive finally at an integration of the findings.  
 
Part I: Result overview 
Stress-induced response of the CA3 arborization 
The studies in Chapter 2 and 3 are the first reporting on intracellular labeling of 
dendrites of CA3 pyramidal neurons after stress. The intracellular labeling technique 
offers major advances compared to Golgi-impregnation in particular to quantify 
dendritic arborization (for a detailed discussion see Pyapali et al., 1998). Although the 
general anatomy of the tree shrew hippocampal formation resembles that of the rat 
(Keuker et al., 2003) we noticed that in the rat the morphology of CA3 pyramidal 
neurons was distinct from the dendritic organization in the tree shrew (Fig. 1A-B). In 
Wistar rats, there are two peaks of apical dendritic segments located at ~200 and 500-
µm distances from the soma, which is consistent with the data from Henze et al. 
(1996). The zone for the most distal dendrites, in the lacunosum-moleculare, is to 
enlarge the area for perforant-path input. In contrast, in tree shrews the apical dendrites 
do not divide in the area of the lacunosum-moleculare, but instead distribute more 
widely within the radiatum area (Fig.1).  
Certain differences of the electrophysiological and morphological attributes of CA3 
pyramidal neurons might depend on the phylogenetic position of the tree shrew. 
Whereas its exact position is controversial (Martin, 1993) recent analysis suggests that 
they are close to the Lagomorphs, and thus more close to primates than to rodents 
(Flügge et al., 2002). Importantly, a variety of neurobiological features are in support 
of this position. For instance, the subfield distribution of dopamine D1 receptors in the 
cerebral cortex possesses more similarities to the primate brain than to the rodent 
(Mijnster et al., 1999). Also DNA-sequence analysis for the receptors of 
corticotrophin-releasing factor (CRF), glucocorticoid (GR) and mineralocorticoids 
(MR) show strong homology (90-98%) compared to the human and non-human 
primates (Meyer et al., 1998; Palchaudhuri et al., 1998, 1999). Furthermore, the 
sequences of the β-amyloid protein revealed 100% homology compared to the human 
(Pawlik et al., 1999). Whether the dendritic organization of CA3 cells resemble 
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primate-like features can unfortunately not be inferred while a detailed analysis of the 
branching configuration in either primates or humans is not available.  
In the present studies we show that despite species differences in the dendritic 
geometry the debranching of CA3 apical arbors induced by chronic/repetitive stressful 
exposures occurs similarly, in a net loss of arbor length and surface (Chapters 2 and 3). 
This is not only consistent with previous results from Golgi-impregnated CA3 cells 
(Magariños et al., 1996; McEwen, 1999; Sousa et al., 2000) but extends those 
observations as well. The stress-associated branch retraction is namely not a random 
effect on thin branches but is spatially delimited between 280 and 400 µm from the 
soma. In rats and in tree shrews the dendrite branches further distal or more proximal 




Fig. 1. A. Distribution of CA3b pyramidal neuron dendrites in the rat and tree shrew. At the left side are shown 
the approximate borders of the different subfields of the hippocampal area. B. In the line graph at the right panel 
is the average and SEM of dendritic segments within 20 µm distances from the soma (Sholl-plot). Note the 
single peak at 200 µm for the tree shrew, but two peaks at ~200 and 500 µm in the rat, where a maximal number 
dendritic elements is available. The gray areas indicate the locus where chronic stress significantly reduced the 
length of the dendritic arbors. Note the high similarity between the two species. 
 
Is electrical signaling affected by the structural changes?  
A key assumption in many hypotheses on CA3 remodeling is the ‘harmful’ effect on 
signaling. From our present electrophysiological recordings we detected slight changes 
related directly to the geometry of the cells, suggesting a role of the apical 
length/branch point number to influence voltage- and location-dependent synaptic 
input. A reduction in apical dendrites lowers the threshold current to elicit APs 
(Chapter 2). Such an effect of the geometry is consistent with the intercellular 
difference in back-propagation in other cells types like the CA1 or layer 5 pyramidal 
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neuron (Golding et al., 2001; Schaefer et al., 2003) and might be caused by a lower 
pre-charging when fewer branches are present in the apical tree. Thus, although cells 
with smaller apical trees will elicit lower axo-somatic firing rates (Bilkey and 
Schwartzkroin, 1990; Krichmar et al., 2002) the increased RN and decreased current 
injection required to induce APs compensates most of these geometry related changes 
on spiking and might lead to either a compensation or increased excitability of the 
cells. Between groups, however, we could not find major differences in somatically-
recorded spiking patterns in the rat or tree shrew. 
A more reliable effect of the changed pattern was the facilitation in forward (and 
presumably back-) propagation of excitatory voltages (Chapter 3) by shortening the 
latency of EPSP onset. Therefore, signaling is indeed affected by the changed 
structure, and to be understood as facilitation for synaptic voltage propagation. These 
identified processes suggest that it is unlikely that retractions of dendrites might act as 
a buffer for stress-elevated glutamate release. In fact, a recent computational 
simulation study, implementing some of the data presented in Chapter 5, also suggests 
that CA3 dendrite retraction after chronic stress leads to an increased seizure 
susceptibility (Narayanan et al., 2003).  
 
Glucocorticoids suppress CA3 excitability 
It is well documented that corticosterone produces rapid and/or long-lasting gene-
mediated modulation of ion-channel expression (Joëls, 1997, 2001; Nair et al., 1998). 
Hence, cortisol or corticosterone might be expected to induce changes in the cellular 
properties that still can be detectable in the slice preparation. In line of corticosterone’s 
effects at Ca2+ and Ca2+ -dependent K+ channels (Karst et al., 1993; Joels, 1997; Storm, 
1989) acute exposure of rat CA3 cells to high levels of corticosterone (> 100 nmol/L) 
increased amplitudes of Ca2+ currents, accompanied by enhancement of the Ca2+-
mediated slow AHP and AP half-width (Chapter 1, Kole et al., 2002).  
But are these functional effects relevant after chronic stressful experiences? In rats, 
repetitive stress experiments revealed plasma levels of free corticosterone that were 
not elevated shortly before slice preparation. This account both for the experiments 
started at the diurnal peak (Chapter 3 and 4) and those that were started around the 
diurnal through of corticosterone (Chapter 5). This corroborates previous observations 
using similar stress paradigms (Magariños and McEwen, 1995a; Buwalda et al., 1999; 
Pavlides et al., 2002; Karst and Joëls, 2003). The prominent habituation of the 
adrenocortical system in rats might thus explain why we did not observe those changes 
in subthreshold excitability as found in stressed tree shrews. During chronic stress, tree 
shrews lack adrenocortical habituation (Fuchs and Flügge 2002, Kole et al., 2003). In 
Chapter 2 for example, we report that the urinary cortisol was ~200% elevated at the 
day before the electrophysiological experiments. Importantly, the i) greater 
depolarizing sag responses were significantly associated with the individual cortisol 
levels prior to slice preparation but ii) the Ca2+-mediated aspects of firing were stable 
(Chapter 2, Kole et al., 2003). 
Although we did not further examine how cortisol alters Ih channel conductance 
(either by isoform expression or altering c-AMP levels, Chen et al., 2002) a 
glucocorticoid modulation of the hyperpolarization-activated current Ih has been 
reported in CA1 recordings as well (Karst et al., 1993; Beck et al., 1994). A 
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serotonergic regulation of Ih (Gasparini and DiFransesco, 1999) can be excluded 
because CA3 pyramidal cells exhibited no postsynaptic membrane voltage responses 
to 5-HT (10 µmol - 1 mmol/L; M. Kole, unpublished observations) consistent with the 
remarkable absence of 5-HT1A mRNA and receptor binding in the tree shrew CA3 
subfield (Flügge, 2000). Collectively, these data lead to the suggestion that in the rat 
the glucocorticoids play during chronic stress only a time-limited role in signaling in 
the CA3 subfield.  
 
Stress effects at the glutamate receptor-mediated signal integration  
Previous paragraphs discussed the axo-somatic attributes of CA3 cells, which are 
strongly governed by the ionic channel composition. In contrast to the rather moderate 
alterations induced by stress on these axo-somatic properties, chronic stress in rats 
affected substantially the EPSP and EPSC characteristics of electric stimulus evoked 
C/A axons within the CA3b field (Chapters 3-5). Some of these changes appeared also 
related to the precise pattern in dendritic arborization (Fig. 7 in Chapter 3). An 
overview is provided in Table 1. From the table it is clear that especially repetitive 
stress leads to increased C/A EPSP responses, which is consistent with the findings 
that NMDA/AMPA ratio also increases (Kole et al., 2002). Even further, the 
physiological measurements are supported by NMDA binding and NR2B mRNA 
increases in CA3 cells following a day after stress (Krugers et al., 1993; Bartanusz et 
al., 1995; Weiland et al., 1997; Lee et al., 2003). Stress or corticosteroid modulation of 
the NR1 isoform of NMDA is less consistent (Bartanusz et al., 1995; Weiland et al., 
1997; Schwendt and Jezova, 2000; Lee et al., 2003). Whereas the mossy-fiber synapses 
contain only NR1 and NR2A subunits of the NMDA channel, the C/A synapses are 
known to contain NR1, NR2A and NR2B subunits (Nusser et al., 1998; Watanabe et 
al, 1998; Ito et al., 1997, 2000; for review see Nusser, 1999). Our data, together with 
the literature highly suggests that stress in adult animals selectively increases NR2B at 
C/A synapses, thereby slowing the decay kinetics (Monyer et al., 1994; Losi et al., 
2001). These observations might have significant relevance for the remodeling 
mechanisms of the dendrite arbors. 
 
 
Table 1. C/A synaptic and dendritic changes after repetitive or brief stress 
 Baseline transmission Synaptic plasticity Dendritic length 




N LTD LTP Apical Basal 
Rep. stress (3 wks)  up - up -  down down - 
Brief stress + 3 wks -  up n.d. - down down  up 
 
The excitatory-postsynaptic potentials (EPSP) were obtained from evoked axonal stimulation in the stratum 
radiatum. N = NMDA and A = AMPA-receptor mediated currents. up = increase, down = decrease, - = no 
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A signaling pathway constraining dendrite remodeling  
Based on the results summarized in Table 1 and the finding that NMDA but not 
AMPA receptors are a necessary requirement for remodeling (Magariños and 
McEwen, 1995b) it was hypothesized that drugs that prevent remodeling would act like 
NMDA-channel blockers. Tianeptine, a clinically effective and highly tolerable 
antidepressant used to treat the symptoms of major depressive disorder (Wagstaff et 
al., 2001; Kasper and Olié, 2002), is presently one of the most successful 
pharmacological tools to prevent or even reverse stress-induced structural remodeling 
(Luine et al., 1994; Conrad et al., 1999; Magariños et al., 1999). Recent hypotheses 
with respect to its mechanisms of action such as increase in growth factors, a decrease 
in 5-HT transmission or blockade of the HPA-axis appeared to have little predictive 
value (Kuroda and McEwen, 1998; Czéh et al., 2001; McEwen et al., 2002; van 
Kampen, 2002).  
In contrast to our initial hypothesis, tianeptine rapidly and long-lastingly increased 
C/A glutamate receptor currents by a scaled upregulation of the NMDA and AMPA 
receptor-mediated responses (Audinat et al., 2000; Kole et al., 2002; Chapter 5). These 
effects were of two-fold in magnitude, suggesting significant physiological impact. 
Recently, also CNQX and NMDA receptor binding studies corroborated an up-
regulation of the two glutamate receptor subtypes in the CA3 stratum radiatum 
(McEwen et al., 2002). When we take these studies together, a prominent consequence 
of antidepressant treatment seems to involve elevated protein expression and/or 
phosphorylation of the excitatory channels for AMPA and NMDA. This might be 
achieved, however, through a complex and still poorly understood pattern of cellular 
actions including gene-mediated protein expression, phospholipid changes (Kucia et 
al., 2003) or large-scale changes in neuronal metabolites (Czéh et al., 2001). The 
finding that tianeptine treatment enhances the conductance at hippocampal excitatory 
synapses might provide a cellular explanation why the antidepressant facilitates the 
retention of hippocampal-mediated memories and act as cognitive enhancer (Morris et 
al., 2001).  
 
But how to coalesce tianeptine’s ability to prevent the structural changes together 
with increased excitatory transmission? Based on the present data several scenarios can 
be suggested. The two most important of which are the following: the increased 
AMPA-R conductance can provide directly a signal for arbor stabilization (Cline, 
1999; McAllister, 2000; Hayashi et al., 1999). According to such a model the 
antidepressant constitutes a signal reducing the dynamic range for large-scale structural 
changes of the CA3 pyramidal branches by stabilization of connections. It might be 
interesting to test whether AMPA receptor agonists prevent remodeling. Alternatively, 
tianeptine treatment modifies the subunit composition of NMDA receptors or its 
phosphorylation sites at the postsynaptic density. As such, hormonal signals like 
corticosteroids might be perceived differently and hampered in their transduction to 
cellular actions.  
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Part II: Integration  
Activity-dependent mechanisms underlying dendritic reorganization  
During the critical period of postnatal development of the hippocampus, pyramidal 
neurons undergo several phases of dynamic loss and expansion of their axonal and 
dendritic arbors. The establishment of structures is guided by two different extrinsic 
cues involved in both their formation and maintenance: (i) neuronal activity (Vaillant 
et al., 2002; Maletic-Savatic et al., 1999) and (ii) growth factors such as the brain-
derived neuronal growth factor (BDNF) or NGF neurotrophin family (McAllister et al., 
2000). The sculpting activity of neuronal activity is especially driven by NMDA 
receptor activation, which influences both the activity-dependent synaptic plasticity as 
well as the morphogenesis (Martin et al., 2000; Lee and Kesner, 2002; Maletic-Savatic 
et al., 1999).  
To support plasticity cortical circuits contain specialized immature synapses that 
express not only a higher proportion of NMDA receptors but also contain synapses 
with only NMDA receptors (‘silent’ synapses, Liao et al., 1995; Cline, 1999). 
Particularly the NR2B subunits are associated with immature synapses. Their larger 
Ca2+ transfer and improved signal-to-noise ratio provide the synapse with mechanisms 
to detect correlated activity between the pre- and postsynaptic structures: the channel 
will only conduct when sufficiently strong depolarization releases the Mg2+ block 
(postsynaptic) and binds glutamate (presynaptic component). This coincidence 
detection mechanism further translates the activity of synapses into growth of synapses 
and dendrites (Cline, 1999). Such mechanisms are crucial for establishing the precise 
patterns in neuronal connectivity by conserving only effective connections. In mature 
neurons, with sometimes very complex arborization patterns, the activity-dependent 
structural shaping is arrested, and only a low rate of spine turnover is maintained 
(Trachtenberg et al., 2002). It has been demonstrated that reducing the rate of 
retraction and addition is related to the progressive disappearance of NR2B receptors, a 
reduction of the N/A ratios, and increased expression of the CaMKII enzyme at the 
post-synaptic densities (Cline, 1999; McAllister, 2000; Vaillant et al., 2002).  
When summarizing the results from the direct recording of the CA3 neuron one 
might ask: are the processes of reorganizing dendrites during stress analogues to those 
involved in early dendrite development? The results from our work would support this 
intriguing theory since we observed slow NMDA decay kinetics, high N/A ratios and a 
low number of distal dendrites, suggesting more immature-like dendrite and synaptic 
properties. An overview of a possible scenario is given in Fig. 2. The key step is that 
stress provides a stimulus for reintroduction of NMDA receptors, or engaging 
populations of previously non-functional synapses at the CA3 dendrite. In the adult 
hippocampus ~15% of the stratum radiatum synapses do not express AMPA receptors 
(Nusser et al., 1998) indicating that some connections are maintained with NMDA 
receptor mediated transmission. Interestingly, the learning of new responses is mainly 
mediated by NMDA mediated transmission (Feldman et al., 1996; Lee and Kesner, 
2002) and shortly after stress there is a critical period in which NMDA receptors time-
dependently are involved in the development of anxiety behaviors after stress (Adamec 
et al., 1999). Support for the scenario comes also from more extreme examples: in the 
adult hippocampus the regeneration of connections after Schaffer-collateral or mossy 
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fiber lesions are characterized by enhanced postsynaptic NMDA receptor activity, 
accompanied by a switch to physiological neonatal like NMDA EPSC rectification 
(Wheal et al., 1998; Ikegaya et al., 2002). Analysis of the temporal dynamics after such 
a lesion demonstrates a time-limited period of near silent excitatory transmission 
paralleled by high NMDA/AMPA ratios, progressively normalizing in the course of 
weeks post lesioning (Ikegaya et al., 2002). Thus, both the postnatal establishment of 
dendrites as well as its plasticity and repair in adulthood is preceded by a phase of 
silent responses and essentially NMDA-R mediated transmission. Although the 
scenario needs further experimental evidence (e.g. physiological characterization or 
electron microscopic analysis of ‘silent’ synapses) it might provide a constructive 








Fig. 2. Hypothetical scenario of NMDA-receptor mediated structural plasticity and the sequence of stabilization 
and destabilization of CA3 dendrite arbors.  (1) In adult animals, the C/A synapse contains NMDA and AMPA 
receptors. This channel composition assures stable connectivity between the dendrite and axonal arbor (solid 
line) and no contacts are made with another C/A axon (dashed line).  (2) During and shortly following stress the 
NMDA subunit NR2B is increasingly expressed (Bartanusz et al., 1995; Lee et al., 2003) and excitatory 
transmission functionally weakened (lower synapse). A higher proportion of spines containing only NMDA 
receptors (‘silent’ synapses) might also be formed. Such a mechanism, together with lower cytosolic CaMKII 
(Gerges et al., 2003; Blank et al., 2003) assures the ability for dendrites to retract. (3) Following stress, arbors 
can be rapidly re-established (Conrad et al., 1999) or formed at new places (e.g. at the basal cone, Chapter 3). 
The tasks of NMDA-receptors might involve detection for correlated activity assuring efficient transmission in 
the novel connections. For full mature transmission and dendrite stabilization elevated AMPA receptor 






Implications for the stress-CA3 link  
Allostasis refers to the processes by which organisms maintain stability after severe 
psychological challenges. In the effects of stress four types of situations might lead to 
severe pathologies: allostatic load that arises from (1) the accumulation of repetitive 
challenges, (2) the failure of habituation towards recurrent events, (3) the failure to 
shut off after stress alleviation, or (4) the failure to start an appropriate stress response 
(McEwen, 2001; McEwen and Wingfield, 2003). In view of these four scenarios the 
CA3 remodeling is traditionally considered to be a manifestation of a type 1 allostatic 
load (McEwen, 2001). 
The idea seems to be common sense without dispute, and regularly adopted as 
introductory statement for research motivation. The position was supported by the 
early studies observing regressed apical branches only after multiple weeks of stress 
(Woolley et al., 1990) which was fitting to the observations of excitotoxic effects at 
the CA3 cell after supraphysiological corticosteroid treatment or due to prolonged 
subordination stress (Sapolsky et al., 1985; Uno et al., 1989). Authors favoring the 
hypothesis of dendritic retraction as damage further argue that it must be harmful 
while it is prevented by anticonvulsants, antidepressants or numerous other clinically 
effective compounds (Magariños et al., 1996; Conrad et al., 1999; Magariños et al., 
1999) and structural abnormalities have been reported in affective disorders (Rosoklija 
et al., 2000). Another frequently used line of argumentation pinpoints to the fact that 
the endphase of chronic stress coincidentally has a negative impact on the learning 
capacity in spatial paradigms (Luine et al., 1994; Sousa et al., 2000, Sandi et al., 
2003). 
 
Are the dendritic reductions truly a manifest of the type 1 allostatic load? Our results 
of apical dendritic pruning obtained in Chapter 3 clearly contrast with the exclusive 
necessity of repetition to reduce branch length. These observations pose serious 
implications for the theoretical position of CA3 remodeling. Apparently, the 
parameters stress frequency and duration are not directly related to the degree of 
dendritic pruning suggesting that these are not the instructive signals for CA3 
remodeling. That adaptation of the CA3 cells is more complex than a simple 
continuum between stress duration, dendrite pruning and cell damage receives still 
little attention but has been highlighted before. For example, dominant individuals, 
exhibiting more stable gonadal and adrenocortical activity under chronic stress 
conditions (Blanchard et al., 1995; Hardy et al. 2002), have greater remodeled CA3 
apical dendrite trees (McKittrick et al., 2000). Although it is without doubt that 
exposures to chronic stress indeed may have severe deleterious consequences upon 
health-related functions such as the immune system or heart tissue (Cohen et al., 1997; 
Fuchs and Flügge, 2002; Bartolomucci, 2003) repetitive stress fails to impact the CA3 
in a damaging fashion in the course of weeks. For example, stereologically quantified 
cell numbers reveals a maintenance in CA3 pyramidal neurons after psychosocial 
stress in the tree shrew (Vollmann-Honsdorf et al., 1997) further supported by the fact 
that ultrastructural analysis could not show nectrotic or apoptotic neurons (Vollmann-
Honsdorf, 2001; Lucassen et al., 2001). However, chronic stress does increase the 
heterochromatin levels selectively in CA3 pyramidal cell somata suggesting a reduced 
transcription rate of its genes (Vollmann-Honsdorf, 2001).  
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Although isolation after defeat enhances certain effects of stress (Ruis et al., 1999; 
Isovich et al., 2001), but by no means is a major stressor itself (Holson et al., 1990) we 
deduced from our results that the time following brief stress or traumatic experience is 
critically involved in shaping dendritic structures. These results are in support of a 
wide variety of systems that time-dependently develop after a single stress (Koolhaas 
et al., 1997). For example, Tilders et al (2001) found that chronic stress drives CRF 
neurons from non-AVP-producing phenotype towards the AVP-coproducing type, but 
the switch in neurochemical profile of the CRF neurons was also observed two weeks 
after a single stress exposure. This demonstrates that for a variety of stress-circuits the 
adaptation is a time-dependent proces. Therefore, to parameterize allostatic load in the 
hippocampus with variables as apical dendritic length and number seems to be 
incorrect. Only the transient negative influence on growth of more structural 
adaptations is associated with repetitive stress.  
 
Neuroadaptations for allostatic set points  
If dendrite pruning does not result from the cumulative cost in the course of the 
stress exposures, how to interpret the changes? From several independent lines of 
arguments we propose that dendritic changes provide neural substrates involved with 
novel behavioral and physiological set-points. Such adaptations might cupport coping 
with the previously experienced stressful episode or future ones, thus rather reflecting 
allostatic states. Such set point-like changes might be inferred from the following 
observations: 
 
(i) Brief stress induces bi-directional changes at single CA3 neurons by selectively 
pruning arbors at the apical cone but permit de novo dendritogenesis at the basal cone. 
These large-scale changes were accompanied by the abolishment of activity-dependent 
increase in strength of the excitatory synapses, but saturation of the basal AMPA-R 
mediated synaptic strength. Although we do not have information on spine densities or 
the axonal redistribution, one might assume that the incoming information via the 
basal cone will be facilitated whereas the axonal input via the apical cone is 
diminished, pointing to a bi-directional shift in functional processing.  
 
(ii) Single stress induces a progressive time-dependent habituation for homotypic 
stressors but sensitization for novel (heterotypic) stressors in rats by adjustments in the 
HPA system (Marti et al., 2001; Dal-Zotto et al., 2002). The development of 
habituation in corticosterone and ACTH responses suggest the existence of memory 
traces for the particularities and context of the event. If there is a tight link between 
corticosteroid feedback system and the integrity of the CA3 subfield as has been 
demonstrated before (Roozendaal et al., 2001), the dendritic changes might underlie 
the long-term consolidation of the HPA feedback. Interestingly, as mentioned above, 
dominant individuals having the largest apical dendrite reductions, express a faster 
feedback inhibition of the HPA axis (McKittrick et al., 2000). Pharmacological 
blockade of the CA3 dendritic retraction during chronic stress is reported to increase 
corticosteroid levels in the 3rd week of stress, thus interfering with the slow-developing 





(iii) Bi-directional effects of stress on mnemonic functions are well documented in 
humans and rats (for reviews see de Kloet et al., 1999; Kim and Diamond, 2002). Most 
studies on stress-memory interactions focused on the negative impact on spatial 
memory tasks. The spatial memory tests performed thus far, always shortly after daily 
repetitive stress regimes, demonstrate small reductions in the learning curve (Sousa et 
al., 2000; Sandi et al., 2003). However, the arousal during stress also leads to an 
increased capacity to learn and recall events with more emotional content (McGaugh, 
2000; Buchanan and Lovallo, 2001; Schelling, 2002). In this view it is also interesting 
that stress leads to elongation of dendritic arbors in the amygdala (Vyas et al., 2002), 
underlining further that stressful experiences are processed within a system level 
between amygdala and hippocampal circuits (Roozendaal, 2002). Stress, by 
modulating multiple limbic regions such as amygdala, the hippocampus or the 
prefrontal cortex produces thus lasting effects in how information is perceived.  
Taken together, with respect to the class of CA3 pyramidal cells we prefer the view 
that a short stress encodes neuroadaptations serving functions like fine-tuning of neural 
stress-circuits to channel future responses. Such long-term memory traces might 
require postsynaptic structural refinement of CA3 branching patterns and time to 
develop from stored information into permanent memory. The neural consolidation 
processes by definition develop slowly in the course of weeks (Kim and Fanselow, 
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Inleiding  
Stress-ervaringen kunnen veelvuldig en onverwachts optreden. De fysiologische 
reacties die bij een stress optreden zijn belangrijk voor het behoud van psychische en 
fysieke controle over de situatie. Zo kunnen bijvoorbeeld de bijnierschors hormonen 
snel alertheid opwekken of makkelijk op te nemen energie vrijmaken, wat adequate 
reacties ondersteunt. Op de lange duur kan stress echter, middels secundaire reacties, 
bepaalde lichaamsfuncties ook negatief beïnvloeden, en zo een aanhoudende belasting 
vormen voor het welzijn. Te denken is hier bijvoorbeeld aan traumatische ervaringen 
die kunnen uitmonden in een klinische depressie of in een posttraumatische stress-
stoornis. Om deze positieve en negatieve werkingen van stress beter te kunnen 
begrijpen is kennis nodig over wat er zich afspeelt op celniveau, dwz. kennis over de 
cellulaire en neurofysiologische mechanismen van de stress-respons.  
In dit promotieonderzoek wordt met behulp van diermodellen de effecten van stress 
onderzocht aan de hand van individuele zenuwcellen (neuronen) in het gebied van de 
zgn. hippocampus, een hersenstructuur die van groot belang is voor de omgang met 
stress. De hippocampus bezit twee belangrijke eigenschappen. In de eerste plaats is de 
hippocampus nauw betrokken bij verschillende typen van leerprocessen en de 
tijdelijke opslag van informatie. De hippocampus neuronen coderen alle soorten van 
tijd- en plaats-verbonden gebeurtenissen, inclusief gedrag, herkenning en taal. De 
neuronen die in een netwerk verbonden zijn vormen zo een soort representatie van de 
gebeurtenis. Een tweede functie van de hippocampus is de terugkoppeling van de 
hypothalamus-hypofyse-bijnier as (HPA-as). De HPA-as wordt direct geactiveerd bij 
een bedreigende situatie en reguleert het vrijkomen van de bijnierschorshormonen, 
waaronder de zgn. corticosteroïden. De interactie tussen de corticosteroidhormonen en 
de hippocampusstructuur is essentiëel voor terugkoppeling van de HPA-as. 
 
Het CA3 gebied  
Het bouwplan van een neuron bepaalt grotendeels de eigenschappen van de cel en 
zijn werking. Vanuit het cellichaam (soma) worden signalen naar andere zenuwcellen 
overgedragen via het axon en het daaropvolgend netwerk van uitlopers (collateralen). 
Via een ander type van uitlopers, genaamd dendrieten, nemen de neuronen impulsen 
van andere cellen op. De dendrieten maken een belangrijk deel uit van het neuron 
omdat ze 90% van het signaalopnemend oppervlak beslaan en als aanknopingspunt 
dienen voor de ongeveer 15.000 verschillende verbindingen (synapsen) die een enkel 
hippocampus neuron bezit. Het is bekend dat synapsen kunnen veranderen in hun 
transmissiesterkte (de output) als functie van de inkomende activiteit (de input), een 
proces dat vermoedelijk ten grondslag ligt aan de opslag van informatie in de hersenen 
(zie Hebb, 1949). Dit betekent dus dat de structuur, omvang en rangschikking van de 
dendrieten dus zowel de verbindingen tussen neuronen bepalen alsook hoe informatie 
opslag wordt gestructureerd. 
Een speciaal subgebied van de hippocampus is genaamd CA3. De neuronen die hier 
zijn gelegen bezitten gespecialiseerde collateralen die een interne feed-back loop 
vormen. Hierdoor kan het CA3 gebied informatie opslaan over gebeurtenissen die zich 
slechts één keer voordoen. Deze eigenschap wordt ook wel ‘snapshot’ geheugen 
genoemd. Dit snapshot geheugen speelt waarschijnlijk een belangrijke rol in 
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bedreigende, stressvolle situaties en kan verder nog betrokken zijn bij de samenstelling 
van associaties tussen de verschillende elementen van een herinnering.  
 
Probleemstelling 
Het centrale uitgangspunt van dit proefschrift is dat bij aanhoudende stress in dieren 
de CA3 neuronen veranderen in hun structuur: na stress worden hun dendrieten korter. 
Alhoewel deze (morfologische) bevindingen belangrijk lijken, is het echter nog niet 
bekend wat de functionele consequenties hiervan zijn en is het dus ook niet duidelijk 
hoe we de invloed van stress op de CA3 neuronen moeten interpreteren.  
In de literatuur worden telkens twee hypothesen ingezet. De eerste veronderstelt dat 
CA3-dendrieten worden ‘aangetast’ door de verhoogde concentraties van glutamaat 
(de meest voorkomende exciterende neurotransmitter). Een tweede hypothese stelt dat 
chronische stress de CA3-dendrieten verzwakt vanwege de verhoogde afgifte van het 
corticosteron hormoon, en kettingreacties die daarop volgen. Beide hypothesen 
veronderstellen dus dat de verkorting van dendrieten een negatieve invloed uitoefent, 
en een fundamentele eerste stap is van celaantasting naar permanente schade. Nu blijft 
het echter de vraag wat er zich precies afspeelt op het niveau van de CA3-cel en of dit 
wel als beschadiging geinterpreteerd moet worden. Dit is grotendeels onbekend. Om 
meer inzicht te verkrijgen in de werking van de de structurele veranderingen en de 
neurobiologische processen die hieraan ten grondslag liggen werden in deze dissertatie 
verschillende eigenschappen onderzocht door middel van directe metingen aan CA3-
cellen, met b.v. electrofysiologische en morfologische technieken. 
 
De resultaten 
Met behulp van de zgn. patch-clamp techniek zijn er metingen verricht aan 
individuele neuronen in hersenplakjes van de hippocampus. Allereerst (Hoofdstuk 1) 
werd gevonden dat wanneer corticosteron direct wordt toegediend de Ca2+ stromen 
groter worden en onder andere de amplitude van de ‘after hyperpolarization’ (AHP) en 
de actiepotentialen vergrootte. Ook als corticosteron endogeen verhoogd was (vlak na 
het begin van de dag) waren de Ca2+ stromen groter.  
Een diermodel dat veelvuldig gebruikt wordt voor het bestuderen voor de effecten 
van chronische stress is het psychosociale stress model in de tree shrew (een klein 
zoogdier). In dit model wordt het bijnierschorshormoon cortisol langdurig verhoogd 
wanneer de dieren dagelijks voor vier weken worden blootgesteld aan psychosociale 
stress. We onderzochten na zo`n lange periode van stress de eigenschappen van CA3 
pyramide neuronen (Hoofdstuk 2). In tegenstelling tot onze verwachtingen bleek het 
dat de kinetische eigenschappen van de AHP niet veranderden en ook de 
actiepotentialen en vuurpatroon van deze cellen waren hetzelfde gebleven. Wel bleek 
de intrinsieke prikkelbaarheid (excitatie) van de CA3-cel te zijn verlaagd. Deze 
bevindingen komen in grote lijnen overheen met de resultaten van een studie bij ratten, 
waar fysiologische effecten van de excitatie van CA3 cellen uitbleven, zelfs na 
langdurige verhoging van corticosteron.  
In Hoofdstuk 2 van dit proefschrift pasten we een nauwkeuriger methode toe om de 
dendrieten van de CA3 cellen te visualiseren. We vonden dat na stress de architectuur 
van de dendrieten minder lange vertakkingen vertoonde binnen het zgn. stratum 
radiatum, een gebied waar zich voornamelijk de synapsen bevinden die verbindingen 
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maken met andere CA3 cellen. Echter, in het gebied van de lacunosum-moleculare, 
wat nog verder van de soma afgelegen is, was het aantal dendrieten onveranderd 
(Hoofdstuk 2 en 3). Het feit dat dunne uitlopers van de dendrieten in sommige 
gebieden behouden blijven duidt erop dat de verkorting ervan eerder een selectief 
geregeld proces is, en dat sommige delen van dendrietstructuur gevoeliger zijn voor 
stress.  
Vervolgens bepaalden we welke eigenschappen beïnvloed worden door de 
veranderde geometrie van de dendrieten. Het verkleinde oppervlak vergrootte de 
excitatie van de cel (Hoofdstuk 3) en ook bleek het dat bij meer eenvoudige 
dendritische structuren de postsynaptische glutamaat respons vanaf de input zone 
sneller het cellichaam (soma) bereikt. Dit komt waarschijnlijk doordat de voorwaartse 
verspreiding van het voltage een kortere weg aflegt, en dat de ingangsweerstand van 
de cel verhoogd is. Inderdaad bleken de exiterende postsynaptische potentialen 
(EPSPs) na herhaaldelijke stress ook groter te zijn, alsook de stroom door het N-
methyl-D-aspartaat (NMDA) ion kanaal, gelegen binnen de synaps (Hoofdstuk 5). 
Met andere woorden, de verkorting van dendritische uitlopers, vergroot de excitatie op 
basisfrequentie maar blokkeert de activiteitsafhankelijke lange-termijn potentiatie van 
exciterende synapsen. Vanuit een concept dat stress opvat als factor die beschadiging 
induceert, zou verondersteld kunnen worden dat zulke veranderingen een mogelijk 
risico leveren voor hyperactivatie (bijvoorbeeld epileptische excitatie).  
In Hoofdstuk 5 ondezochten we echter dieren die tijdens stress langdurig met het 
tianeptine behandeld werden. Dit antidepressivum werkt protectief en blokkeert de 
structurele veranderingen. Het bleek dat de responsen van glutamaat receptoren ook 
groter werden in dieren die deze behandeling kregen. Het kan daarom verworpen 
worden dat grotere glutamaat stromen CA3-cellen per definitie ‘beschadigen’. We 
postuleren daarom dat de CA3-cellen na chronische stress morfo-electrisch compacter 
worden voor het geleiden van synaptische input. Dat maakt een efficiëntere 
signaalverwerking mogelijk, en kan bijvoorbeeld bij rustfrequentie de fysiologische 
terugkoppeling van de HPA-as versterken.  
Om te toetsen in hoeverre herhaling van stress een noodzakelijke voorwaarde is om 
de dendritische structuur te veranderen, lieten we in Hoofdstuk 3 en 4 ratten twee keer 
een sociaal verlies ondergaan, en onderzochten we pas drie weken later de CA3 
neuronen. Ter vergelijking bekeken we ook dieren die elf keer een sociaal verlies 
ondergingen gedurende een vergelijkbare periode van drie weken. Het bleek, 
opmerkelijk, dat de modificaties van dendrieten zich ook voordoen drie weken na een 
zeer korte stress ervaring. Deze reorganisatie behelsde zowel een selectieve eliminatie 
alsook groei van nieuwe vertakkingen, met een behoud van het totale oppervlakte van 
de cel.  
 
Conclusies 
Een paar belangrijke conclusies kunnen worden getrokken uit het werk van dit 
proefschrift. Ten eerste, aanhoudende ervaringen met stress beïnvloedt een selectief 
gedeelte van de dendritische structuur van de CA3 pyramide neuronen. Namelijk, dat 
gebied waar de nabij gelegen CA3 cellen naar toe projecteren. Het verkleinde 
dendritische oppervlak, vergroot de excitatie en versnelt de propagatie van synaptische 
signalen. Deze morfologie-afhankelijkeid van synaptische stromen sluit aan bij de 
Nederlandse Samenvatting 
 107
visie dat dendrieten ook een actieve rol spelen bij signaalverwerking en zo het gedrag 
en de electrische responsen van een neuron medebepalen. We konden geen bewijs 
vinden dat de cel ‘beschadigd’ zou zijn in zijn functionele aspecten.  
Verdere experimenten in dit proefschrift leverde een onverwacht feit op. Alhoewel 
na sress verbindingen geëlimineerd worden, schijnt de periode na stress ook een 
grotere speelruimte te bieden voor het aanbrengen van nieuwe verbindingen. Zo bleek 
dat weken na een korte stress ervaring beide processen zich voordeden binnnen de 
architectuur van individuele cellen. Verkorting van dendrieten vindt dus niet per 
definitie plaats onder aanhoudende belasting maar kan zich ook met de tijd 
ontwikkelen wat erop duidt dat de tijdsperiode na stress ook een essentiële rol speelt 
in de structurele veranderingen van het CA3-netwerk.  
De resultaten in dit proefschrift bieden ruimte voor nieuwe inzichten in de stress-
geïnduceerde structurele veranderingen. Namelijk, chronische stress heeft eerder een 
remmende invloed op adaptieve processen van CA3 cellen in plaats van dat 
herhaaldelijke stress-ervaringen de dendrieten afbreken. Deze visie komt ook goed 
overeen met het feit dat chronische stress hoge metabole kosten met zich meebrengt en 
de eiwit productie in CA3 cellen remt (zie Vollmann-honsdorf, 2001). Kennelijk 
induceert een korte stress ervaring al een langdurig proces dat verschillende fasen 
doorloopt van genexpressie, eiwit productie en een langzame turnover van synaptische 
verbindingen om uiteindelijk gehele dendrietenstructuren te reorganiseren. Het 
benodigde tijdsverloop hiervan zou kunnen samenhangen met eén van de belangrijke 
functies van het CA3-netwerk, namelijk het oproepen van informatie vanuit bijv. de 
neocortex, om deze vervolgens te combineren met nieuwe herinneringspatronen. Zulke 
processen zijn van belang om ervaringen om te zetten in vaste herinneringen. De 
gegevens zouden erop kunnnen duiden dat het juist de verschillende fasen in geheugen 
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